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Abstract 

The results of a literature review indicated that slopes developed in layered 
volcanic successions are particularly susceptible to slope movements. Landsliding is 
related to the presence of a weak layer beneath a rigid capping of lavas and breccias. The 
weak layer is frequently volcaniclastic material. The effect of geological structure is 
evident in lateral and headscarp geometries, and movement is frequently in a direction at 
some angle to the direction of true dip. Movement direction is governed by the 
orientation of release surfaces in the cap, rather than by the orientation of the weak layer, 
or discontinuities within it. Initial slope movements are generally of the block type and are 
successive in nature. The morphology of the landslides is suggestive of two types of 
slope movement, viz. sliding or spreading. 

To investigate the nature of geological controls on landslides, and the kinematics of 
slope movements, a regional landslide study was carried out in slopes developed in 
Paleogene and Neogene volcanic successions in two areas of the Interior Plateau, British 
Columbia. 

The distribution of landslides was mapped using aerial photographs, and landslides 
were classified on the basis of morphology. The morphology and geological setting of 
the landslide sites were discussed in detail. Detailed geological mappping and field 
observations were carried out on four massive landslides in the Salmon River valley, 
sothwest of Westwold. The volumes of these movements are in excess of 10*m?. 
Movement has taken place where weak volcaniclastic layers were exposed at the base of 
pre-movement siopes, and the relationship between geological structure was examined. 

The microstructure of the volcaniclastic layers was analysed by polarising and 
scanning electron microscopes, in addition to X-ray diffraction. The microstructure was 
described using a hierarchy of microsructural domains. The clay mineralogy was found to 
be dominated by montmorillonite, which occurs at grain and matrix sites in each domain as 
an alteration product of volcanic glass particles and feldspar crystals. The microfabric is 
characterised by an open, porous structure at the inter—, intra~, and trans—assemblage 
scales. 

A range of geotechnical properties was established for selected volcaniclastic 


materials. They are characterised by low dry density (13.98-21.92 KN/m’) and high 
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porosity (9.0-43.3%); low uniaxial compressive strength, g, <13.5 MPa; low angles of 
ultimate shear resistance, <20°, which are found to be higher in the presesnce of 
significant amounts of authigenic or pyroclastic silica. 

An evaluation of sliding and spreading models was carried out. The sliding 
mechanism was analysed using a simple wedge analysis under a variety of geometries and 
groundwater conditions. The analysis indicates that conditions for sliding could have 
existed in the slopes analysed. 

In the spreading model, the stability of the loading produced by the weight of the 
Cap was analysed as an analogue to a bearing capacity problem, and is estimated from the 
theory of Mandel and Salencon. The analysis shows that only undrained spreading is 
possible in the slopes analysed. It is unlikely that undrained conditions resulted directly 
from cap loading, but undrained conditions may have existed as a result of the structural 
breakdown of the porous rock mass in the subjacent layer. Although this is suggested by 
microstructural observations , detailed laboratory test results are not available to confirm 
this possibility. 

It is probable that the slope movements resulted from a general progressive failure 
initiated by local structural breakdown in the spreading layer. 

Although no absolute dates were obtained for the slope movements examined, 
first-time slope movemenets are thought to have occurred in the early post-glacial period 
Prior to the onset of the Altithermal at approximately 8200 years B.P. Evidence does 
exist at some landslide sites, however, for subsequent movement having taken place since 


that date. 
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1. LANDSLIDES IN VOLCANIC SUCCESSIONS 


1.1 Introduction 

The observation that slopes developed in volcanic successions are particularly 
susceptible to landslides has been made in many parts of the world. The purpose of this 
introductory chapter is to review this observation, to evaluate the geological factors 
contributing to this susceptibility and to broadly review the range of movement 
mechanisms which may be operative in these slopes. It also serves as an introduction to 
the regional landslide study of volcanic successions in south-central British Columbia 
which makes up the remainder of this work. 

Widespread instability in volcanic successions was first reported by geologists of 
the United States Geological Survey working in the American Cordillera) Observations on 
landslides on the Columbia River Plateau and the Snake River Plains were made, for 
example, by I.C. Russell (1893; 1898; 1899; 1901; 1902). He described what he called 
“unusually favorable conditions” in the volcanic successions of this region including 
stratigraphical controls, structural relations and slope geometry. In addition to Russell, 
Lindgren (190.1) in Oregon and Howe (1909) in Colorado contributed other observations 
on landslides in volcanic successions. It is remarkable that their contemporaries working 
in Canada, in similar terrain, made no comment on the widespread instability associated 
with volcanic successions in the Interior Plateau of British Columbia which is described in 
the following chapters of this work for the first time. 

A volcanic succession can consist of lava flows, pyroclastic flows, airfall 
Pyroclastics and mudflow units as well as those deposited by “normal” sedimentary 
Processes. The heterogeneity exhibited in such successions reflects the episodic nature 
of volcanic processes, the variability of eruptive products and the spatial variability of 
processes in the volcanic environment, well documented in the volcanological literature 
(Macdonald, 1972; Williams and McBirney, 1979; Parsons, 1974). In addition to variability 
between units, the properties of individual units in the succession can also vary both in 
vertical and horizontal directions. This may include variations in lithology, alteration or 
diagenesis, all of which significantly affect the geotechnical properties of a given unit. 


Volcanic successions are good examples, therefore, of a geotechnical complexity which 
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"arises when the properties that govern the geotechnical behaviour of the 

project vary rapidly across a wide range within a site!” (Morgenstern and 

Cruden, 1977, p.3). 
Heterogeneity in geotechnical properties in volcanic successions has led to severe 
problems in the design, construction and maintenance of engineering projects (e.g., Rands, 


4915; Bryan, 1929; Banks and Saucier, 1965; Niccum, 1967; Dreyer, 1926; Tryggvason, 
1957; Rocha et a/., 1974; Flyngenring et a/., 1976; Lutton et a/., 1979). 


1.2 Landslides and Geological Environments in Volcanic Successions 
A review of instability in volcanic successions has led to the conclusion that 
landslides occur in four geological environments, or types of successions, which are 


illustrated in Fig. 1.1. 


1.2.1 Type 1 - Landslides in Interlayered Volcanic Successions 
The most common geological conditions for instability are on slopes where 
massive resistant flow rocks, which may be interstratified with other types of rock, 
overlie a soft layer, or zone, of weak pyroclastic rocks, or tuffaceous or poorly lithified 
sediments. The upper resistant rock unit (or units) is an essential component of this 
environment and is termed the cap (Fig. 1.1). 
These geological conditions are reported in the Cenozoic rocks of the Cordillera 
of the United States by Liang and Belcher (1958), Baker and Chieruzzi (1959), Ray (1960), 
Rib and Liang (1978) and Radbruch—Hall et a/. (1976). 
In the !ntermontane area of the United States, Russell (1898) noted that where soft 
rocks consisting of lapilli, tephra, clays or lacustrine sediments, occurred beneath 
cliff—forming layers of basalt, widespread instability was observed. He also noted that 
where these soft layers were absent, no evidence for landsliding was observed (cf. 
Chapter 3,). In commenting on landslides in Nez Perce Co., Idaho, he noted that, 
"SO Constant is the relation between landslides and the presence of (soft 
interbeds) ... that the landslides furnish an indication of the extent and thickness 
of soft layers.” (Russell, 190.1, p. 79) 

. Stearns et a/. (1938) point to the importance of lacustrine sediments and tuffs in 


1A site is meant to embrace extended routes for projects such as tunnels, highways or 
Pipelines, as well as the more local situations such as those which arise with dam and 
building foundations (Morgenstern and Cruden, 1977). 
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Figure 1.1 Types of volcanic successions, (for details see text). 


landslides in the Snake River Plain and mention recent movements and failures resulting 
from irrigation. Griggs (1976) noted widespread landslides where claystones and 
siltstones of the Tertiary Latah Formation underlay Columbia River Basalts in the Spokane 
quadrangle, and noted their re—activation by stream erosion. Hogensen (1964) describes 
the sliding of basalt on tuffaceous sandy shale in the Umatilla River basin, and landslides in 
the vicinity of The Dalles along the Columbia River have been noted by Piper (1932). More 
detailed work by Anderson and Schuster (1970), Waters (1973) and Palmer (1977) 
describe large landslides in the Lower Columbia River. Whilst Anderson and Schuster 
(1970) were concerned with the engineering properties of altered clay-rich pyroclastic 
units, Waters (1973) followed by Palmer (1977) identified a clay—rich saprolite horizon 
developed in Lower Tertiary volcaniclastic rocks which have undergone hydrothermal 
alteration as a major zone of weakness on the northern slopes of the Columbia River 
Gorge in the vicinity of the Bonneville Dam. 

This type of succession and associated landsliding has been described in the 
vicinity of Portland, Oregon, by Trimble (1964), who noted that landslides composed the 
entire slopes of the tuffaceous sediments of the Scappoose Formation. Also in Oregon, 
Lawrence (1979) describes massive block sliding of the basalts of the Columbia River 
Group, resting on top of the tuffaceous John Day Formation, down the dip slope of the 
Ochoco Mountains. 

In Wyoming, Pierce (1968) described the Carter Mountain landslide complex in 
which the Eocene Cody Shale, as Pierce notes, "gave way” under the load of 915 m of 
cliff-forming volcanic flows and sediments. Shroder (1971) in his regional landslide study 
of Utah found that the lithological combination of Tertiary basalt over limestone or 
tuffaceous sediments accounted for 16% of the landslide areas in the state. 

In Colorado, Howe (1909), Attwood (1919), Attwood and Mather (1932), Hinds 
(1938) and Yeend (1969, 1973) have reported on instability of steep slopes in horizontal 
to sub-horizontal bedded volcanics where shales, tuffs and pyroclastic beds occur 
beneath caps composed mainly of lava. Van Horn (1972) reported on the failure of the 
tuffaceous Eocene Denver Formation beneath latite flows on Table Mountain at Golden. In 
New Mexico, Kelley (1979) reported instability along the Rio Grande where basalt flows 


Overlie the tuffaceous shales and sandstones of the Mio—Pliocene Santa Fe Formation in 
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the Espanola Basin. 

Although conditions for similar instability appear to exist in parts of Central and 
South America, the writer is not aware of their report. Excelient documentation of the 
engineering geology of damsites in volcanic successions in Mexico (UNAM, 1976) and 
Brazil (e.g. Nieble et a/., 1979) mention local instability associated with construction, but 
no mention is made of natural instability on the scale that would be anticipated. Similar 
remarks apply to slopes developed in volcanic successions in the Patagonia plateau of 
Argentina. 

Landslides occurring in this type of volcanic succession have been reported from 
the Tertiary volcanic successions of the Brito—Arctic (Thulean} volcanic province in the 
North Atlantic. Thorarinssen et a/. (1959), Asai (1968), and Ollier (1969) report extensive 
landsliding along sedimentary interbeds in the plateau basaits of Iceland. In the Faeroe 
Islands, Jorgensen (1978) reports detailed observations on landslides, first noted by Geikie 
(1880), which involve the movement of a basalt cap on altered pyroclastic breccias and 
tuffs. 

In Eastern Europe, landslides in this type of geological environment have been 
studied in Czechoslovakia (e.g., Nemcok, 1964; Zaruba and Mencl, 1969; Pasek and 
Kostak, 1977; Malgot and Otepka, 1977). The problem is marked around the Handlova 
depression where a cap of andesite overlies soft Tertiary tuffs and claystones (Malgot and 
Otepka, 1977). 

Perhaps one of the better documented failures in this type of succession is the 
1956 failure of Gradot Ridge in Yugoslavia (Suklje and Vidmar, 1961). A rib of a tableland 
Catastrophically failed through clayey lacustrine sediment and bedded silt which were part 
of a Cenozoic volcanic succession. The cap was composed of more indurated rocks 
consisting of tuffs, sediments and lava flows. The landslide involved 20 x 10° m? and 
occurred in the Vatasha valley where older and similar landslides had occurred with their 
basal failure plane located in the same clay layer as it was successively exposed by 
erosion. 

Slope movements in similar geological environments are also reported from Japan. 
Large scale slope movements are reported around the Tertiary basalt plateau in western 


Kyushu by the Japan Society of Landslide (1972). Arecent example involving an area of 
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64 ha. is described where movement of a basalt cap took place along tuff seams within 
Neogene coal—bearing sediments dipping 4° downslope. Miyagi (1979) describes large 
landslides in north-east Honshu where lava cappings overlying pyroclastic rocks have 
undergone movement. Sharma (1975) reports the occurrence of large scale landslides in 
the Deccan Plateau, India. 

A related environment which is highly susceptible to slope movement exists where 
a capping of massive volcanic rocks overlies weak material , below the base of the 
volcanic succession in pre-volcanic rocks. The weak material may consist of (a) the 
weathered unconformity between underlying resistant rocks and an overlying volcanic 
succession or (b) of a greater thickness of weak material in the form of older sediments. 
In the former category, Smith (1903) noted that landslides were common where Columbia 
River Basalt overlies pre-Tertiary schist or granite in Central Washington. Griggs (1976) 
also noted that some landslides involving the Columbia River Basalt have moved on the 
surface of the Pre-Cambrian Belt Supergroup in the Spokane area. 

In the latter category, instability also arises where older, weak, pre-volcanic 
sediments underly lava caps. Instability in these circumstances has been described in the 
vicinity of Yellowstone National Park by Keefer and Love (19586), Hall (1960) and Waldrop 
and Hyden (1963), and in Colorado by Howe (1909). Along the Snake River, south of 
Yellowstone Park, Bailey (197.1) observes that the entire area where Tertiary volcanics rest 
upon Mesozoic mudrocks which contain bentonitic seams, is characterised by numerous 
and extensive slope movements. In Colorado, Howe (1909) and Attwood and Mather 
(1932) noted similar slope movements in the San Juan Mountains where the underlying 
weak rock is the Mancos Shale. Koons (1945) has described instability in the Uinkaret 
Plateau of northern Arizona where basalt cappings overlay soft Triassic shales and marls, 
and Wright (1946) has a spectacular aerial photograph of an unstable mesa margin where 
basalt overlies similar Triassic shale in the Lower Rio Puerco area of New Mexico. 

Large landslides have occurred in the Tertiary volcanic rocks of the Western Isles 
of Scotland and the Antrim Plateau of Northern Ireland. In coastal slopes on the Western 
Isles, where basalt flows overlie weaker Mesozoic mudrocks, large slumps have 
commonly occurred (Sissons, 1967). On Skye the geological environment of large 


_ landslides was first reported by Geikie (1904) and is described in detail by Anderson and 
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Durham (1966). Similar movements are common on Mull (Bailey et a/.,1924), Raasay and 
Eigg (Sissons, 1967). 

In Northern Ireland large landslides have occurred along the rim of Antrim Plateau 
(Charlesworth, 1953; Manning et a/. 1970) where the Tertiary basalts are underlain by 
weaker Jurassic mudrocks and Triassic marls. Stephens (1958) and Prior et a/. (1968) 
describe block movements in which rotation has taken place in a zone which is between 1 
and 4 km in width. 

G.Jorgensen (pers. comm.) reports similar movements in the Tertiary Province of 


West Greenland which are also mapped by the Geological Survey of Greenland (1976). 


1.2.2 Type 2 - Landslides in Weak Volcanic Successions in the Absence of a Cap 

A second, less common, unstable environment exists where weak volcanic rocks 
exist in slopes without a substantial cap of more resistant material. These rocks may be 
rich in clay as a result a alteration (weathering, diagenesis, hydrothermal activity) , or they 
may be loose pyroclastic material or soft sediments. Landslides occurring in such 
environments are frequently flows, defined after Varnes (1978), and do not exhibit the 
block morphology of the groups previously described. Examples are described by 
Waters (1973) and Palmer (1977) in the vicinity of the Bonneville Dam in the Columbia 
River Gorge where the debris from one such failure constitutes the foundation of the dam 
itself. Photographs of classical flows in the same region are shown by Anderson and 
Schuster (1970) and Varnes (1978), both movements involving altered volcanic rock. 
Debris flows in the western Cascade Range in Oregon have occurred in altered clay rich 
soils developed on Tertiary volcaniclastic rock. These soils have a high concentration of 
expandable clay minerals and have been the subject of much investigation by Dyrness 
(1967), Paeth et a/. (197.1), Swanson and James (1975), Swanston and Swanson (1976) 
and Swanson and Swanston (1977). Patton (1976), and Mokievsky—Zubok (1977) have 
discussed a massive mobile slide of clay-rich hydrothermally altered acidic flows and tuff 
breccia from the slopes of the Meager Creek Complex in British Columbia. The slide 
occurred in 1975 and involved 29 x 10° m:. In the Yellowstone National Park, Hall (1960) 
and Witkind (1969) have described large landslides in altered rhyolite and rhyolitic welded 


tuffs, and Attwood and Mather (1932) have given a full description of two large slope 


y a ; . " y : : : 4 a a 
“pie ua TARE? \c. ts .eed eM re Onna 
’ slums Ses cupellanlan a ‘ a : 


aia a 


‘Orr: are* oa | 
; | wea re et reiites Le oye acti Sie ag owe ia "7 Pes a . —e 
at - ‘i lagi yistea? evinians oi a 
. yd qialienim 2% etiae . a win fd josey ir 


(acre lee el abe cas ISR 


eaauviad a. Hah afte G AL 25 Fre viet eel 


— 


: “ 7 : : 
ve 
eRe TAs CN iui ines Ane 


ie shot? Wines 


ane yeeireetat) TO Sav Dek retake Sopa oa 


gee a tt eansetA orien nomi enh 
alacant’ save are acest esasnennweise 

ash aa acer; lanerare vaneieleep pron to see | 

Qube ysbatse pimeaiorae 2cpcntatly M 
Leth an TaSnd. Sa semi apes 


avip tee. 20 om is 2) 250 eN wee é 


yehbagerrey oe oe, sadness 


“BEBO S er! are St / | 
<~e e fo 


mas atte peTehoyls ents ne 


nes wteraiond “niente 


a sdiemliaaiel ide a\art ric 


id neuroses das 2ifx hi 


seqgren gd eamngpeguy egg te a 
ptervaggtey-<ches cote n Rlerets 
aindl MBN dots =) aver <I baetil 
sn owl? shine be als wetia 
wile ad cation ) 
ae? 5 Gert petprcielt 2 ipwaet aah 


Ae wocetrgye O06 atifucs cates @ SR : 
| ui ait 
Sas Sor! Sst neignaess tal 
- a . 


movements in altered acidic lavas and tuffs at the Slumgullion and Cimarron flow slides in 
the San Juan Mountains of Colorado. 

Slides of poorly lithified material frorn the slopes of volcanoes should also be 
mentioned in this category of failures (Kuenen, 1935; Dishaw, 1967; Voight et a/., 1981.) 
These may contribute to lahars as discussed by Crandell (197.1). 

Gibb (1979) has an excellent description of a flow slide on the coast of the Bay of 
Plenty, New Zealand, in porous volcanic ash. This type of landslide is also common in 
pyroclastic debris in Japan and examples of these landslides are described by Yatsu 
(1966), Watari (1967), Miyagi (1979), Nakamura (1976) and the Japan Society of Landslide 
(1972). Harp et a/. (1981) document extensive landsliding resulting from the 1976 
Guatemala Earthquake, in Pleistocene pyroclastic deposits. 

These types of slope movements are transitional to those occurring in residual 


soils (e.g., Simonett, 1967; and it is not the intent to pursue this class of landslide further. 


1.2.3 Type 3 - Landslides in Volcanic Successions Consisting of a Cap Only 

The third type of unstable geological environment involves the collapse of a slope 
consisting of cap material only, due to shear along existing discontinuities within a 
comparatively resistant rock mass. This category of failure is transitional to rock slope 
movements in other rock types. Slope movement originates in oversteepened slopes 
which result from erosion or ice-contact process such as those described by Mathews 
(1952). The resultant landslide is usually highly mobile and initial failure may be triggered 
by seismic forces. Examples are described by Mathews (1952), Crandell and Fahnestock 
(1965), Moore and Mathews (1977), and Clague and Souther (1982) from volcanic 


complexes in the coastal ranges of the North American Cordillera. 


1.2.4 Type 4 - Landslides Associated with Construction Activity in Volcanic 
Successions 
Construction-related failure as aresult of rapid geometry changes associated with 
excavation comprise the fourth category or environment of slope movement in volcanic 
successions since the special conditions imposed by construction make it difficult to treat 


them in other environments. It is with reference to these failures that a large body of 
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detailed geological and geotechnical work has been undertaken in highway and dam 
construction. Many of the documented construction failures have occurred within old 
slide masses associated with a Type 1 geological environment. 

Pope and Anderson (1960) have given detailed engineering data on the behaviour 
of montmorillonite-rich soils derived from pyroclastic sediments encountered in dam 
construction in the Willamette Basin, Oregon, and Staples (1957) described an abutment 
failure at the Point Lookout Dam in the same project. Anderson (1971) has described the 
engineering behaviour of altered pyroclastic rocks in the Columbia River Valley where 
construction failures occurred in old landslide masses during a highway relocation project. 
Squier and Vesteeg (197.1) describe the well-known OMS!-Zoo slide in Portland, Oregon, 
where movement involved decomposed basalt within an old landslide mass. !n the same 
city, Clarke (1908, 1918) has described a slide in weathered volcanic rock triggered by 
reservoir construction. Bryan (1929) described an abutment failure at the Zuni Dam in 
New IViexico, and Nobles (1973) has described a failure in a highway cut in Colorado. 

An extensive body of data exists for construction projects in Central and South 
America. UNAM (1976) includes several case histories of the engineering geology of 
dams in Mexico developed mostly in acid volcanic successions, and Lutton et a/. (1979) 
have summarised the landslide experiences in the Gaillard Cut of the Panama Canal. Much 
information exists on the engineering behaviour of the Plateau Basalts of the Parana Basin 
in Brazil which has been extensively developed for hydro-electricity (Nieble and Cruz, 
1971; Nieble et a/., 1974; Ruiz et a/., 1968; Kanji et a/., 1977; Ruiz et a/., 1979; Rocha et 
a/., 1974; Kanji, 1979). 

This work is concerned with evaluating the landslide reponse of interlayered 
volcanic successions such as those described in the discussion of Type 1 environments 
above. As aresult, attention will now be focussed on the development of this type of 


slope movement. 
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1.3 Development of Landslides in Layered Volcanic Successions 

The development of landslides in layered volcanic successions is not well 
understood. The role of the weak layers in the mechanics of movement is also complex 
and will be examined in detail in Chapter 7. However, from the observations recorded in 
the literature, it is possible to identify phases in landslide development, the types of 
landslides, the role of structural relations and the role of conductivity contrasts in 


developing groundwater flow systems conducive to slope movement. 


1.3.1 Phases in Landslide Development 
Based on a literature review, there are several phases in the development of these 
landslides which appear to be common to all types of movement encountered in this 


environment, (Fig. 1.2). 


Phase /: Erosion and Slope Formation in the Vo/canic Succession. 

This phase consists of erosion (which may be joint controlled, e.g., Lawrence, 
1979; Pasek and Kostak, 1977) through the cap into the underlying weak sediments. 
Frequently this erosion is rapid, e.g., meltwater channel development from drainage of 
glacial lakes, which produces oversteepened slopes in both the cap and the weak layers. 
Where erosion is less rapid, slope development is more gradual and other processes (e.9., 
rockfall and slope wash) may be active in modifying slope geometry to the extent that 
slope angles are not as high. The speed of initial erosion may also be important in 
determining the strain energy release pattern of the underlying weak material which itself 


is an important contributor to instability. 


Phase |/: Cap Separation. 

Stress relief generated by rapid erosion results in the lateral movement of the cap 
away from its parent sheet. Movement of this type is well documented in artificial 
excavations in other rock types where a rigid cap overlies a softer layer (e.g., Underwood, 
1964; Resendiz and Zonana 1969; Stimpson and Walton, 1970) and in excavations in 
voleanic successions (e.g., Niccum, 1967). Cracking and cap separation parallels existing 


slopes and an excellent example is given by Stearns et a/. (1938) from the Snake River 
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Figure 1.2 Phases in the development of landslides in layered volcanic successions. Phase 
l-erosion and slope formation; Phase Il-cap separation; Phase Ill- cap loading; Phase 


IV-failure. 
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Movements during the separation phase involve vertical as well as horizontal 
movements (Suklje and Vidmar, 196.1; Yeend, 1969, 1973). Yeend (1969) reported that 
vertical movements exceeded horizontal movements, "as would be expected with this type 
of vertical fissure’. Waldrop and Hyden (1963) reported that vertical slickensides were 
present on tension crack surfaces on Sepulchre Mountain in Yellowstone National Park, 
suggesting that vertical sliding movements occurred before separation took place as a 
result of displacement in the underlying soft material. The separation phase is vital in the 
development of the failure mechanism since it creates a discrete block which is free to 
load the subjacent strata in the slope. In addition, the separation and cracking behind it may 
allow the ingress of water deep into the slope, allowing softening processes to be 


activated in the weak layer. 


Phase ///: Cap Loading. 

Documented landslides of this type indicate a consideraple time gap between 
separation and mass movement of the slope (Suklje and Vidmar, 1961; Yeend, 1973). The 
process is probably analogous to softening-related, delayed failure in cuttings of 
overconsolidated clay (Vaughan and Walbancke, 1973; Lutton et a/., 1979). Failure results 
from the termination of creep initiated by the loading of the weak layer by the separated 
cap block. During this phase some movement of thé subjacent weak material might take 
place by being squeezed (e.g., Lee and Lo, 1976) out from under the cap as a response to 
block loading. This process has been postulated by Waters (1973) to account for heaves 
and mud-boils which have appeared beneath high (and, as yet, unfailed) cliffs in the 
Columbia River Basalt on the south side of the Columbia River. These heaves consist of 
soft clayey material from the underlying Ohanapecosh Formation . Indeed, many geologists 
have alluded to this type of loading mechanism to account for landslides in layered volcanic 
successions (Attwood and Mather, 1932; Koons, 1945; Trimble, 1963; Pierce, 1 968) and 
the process has been extensively studied by workers in Czechoslovakia (Nemcok, 1968; 


Pasek and Kostak, 1977). 


Phase IV: Failure. 
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Initial general failure of the slope may occur catastrophically (Russell, 1898; 
Stearns et a/., 1932; Suklje and Vidmar, 1961; Japan Society of Landslide, 1972). 
However, as mentioned above, the precise mechanism is in doubt. 

In this work two possible mechanisms for such movement are examined: 

(a) movement along a discrete shear surface, or in a well-defined shear zone (sliding) or 


(b) movement by load-induced plastic flow (spreading). 


1.3.2 Landslide types 

The classification of these movements is made difficult both by their complexity 
and the vagaries of existing classification systems (e.g., Pasek et a/., 1973). However, 
using the terminology of Varnes (1978) a landslide developed in slopes in volcanic 
successions may exhibit the five primary modes of movement, viz. falls, topples, slides, 
lateral spreads and flows. Taken as a whole, they are classed under the term complex 
where "movement is by a combination of one or more of the five principal types of 
movement described above” (Varnes, 1978). 

Under certain conditions, the cap is preserved as a block or strip after movement 
occurs. Successive blocks or strips can be traced upslope in a landslide complex of this 
type. If the rotated blocks or strips are preserved and have not undergone advanced 
degradation, the slide may be termed a rotational slide or rock slump (Varnes, 1978). The 
lateral continuity of unbroken strips of rotated blocks along the rims of some mesa 
landforms in the United States, for example, is striking. Wright (1946) reproduces a 
remarkable aerial photograph of such strips and records their unbroken continuity over 
4.8km. Similarly, Yeend (1969) reports unbroken strips over 3.2 km in width. Although 
these landslides have occurred in horizontal bedrock, this continuity implies a great 
uniformity in movement conditions and time of movement. 

The behaviour of the failed cap is determined by the character of the cap itself and 
the thickness of the weak layer. The character of the cap determines whether the cap is 
Preserved or fragments on failure. If the cap is resistant, block landslides (Pasek and 
Kostak, 1977) are the result. If the cap disintegrates, as at Gradot Ridge, then blocks are 
not preserved. If the subjacent weak layer is thin, translation takes place along a basal 


shear surface which results in the formation of a graben beneath the scarp, or separation 
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surface. This type of landslide has been described by Attwood and Mather (1932), Pasek 
and Kostak (1977), Trollope (1980), and with reference to a sandstone cap, by Wright and 
Watson (1965). In cases where the weak layer is thicker, slope movement may be of the 
lateral spread type although it may be difficult to distinguish the two movement types. The 
geological and geotechnical factors controlling the sliding-spreading threshold are not 
well understood and are addressed in later parts of this work. 

The. result of successive slope movements in this environment is the development 
of a landslide complex that at the head consists of well-defined blocks (which may be the 
result of toppling, translational or rotational sliding, or lateral spread movements) and 
degraded slump blocks at the toe which may grade into flows (e.g., Pierce, 1968; Mahr and 


Malgot, 1977). 


1.3.3 The Role of Structural Relations 
| With respect to the basal shear surface (or zone), many block landslides appear to 
occur independently of what Attwood and Mather (1932) refer to as "larger structural 
relations’. They observed in their study of landslides in volcanic rocks in the San Juan 
Mountains of Colorado that only two landslides had moved along bedding planes, the 
remainder moving in directions not related to the attitude of a basal weak layer. These 
observations were also made by later workers (e.g., Suklje and Vidmar, 1961). This 
suggests that existing discontinuities in the weak zone (e.g., bedding planes or bedding 
plane slips) are not important in determining the attitude of the basal shear, or that 
discontinuities existed prior to movement that were not detected afterwards. Jointing and 
fault patterns do, however, appear to control the plan geometry of the cap block. 

Where interlayered volcanic successions have been tilted or folded so that the 
strike of such deformation is parallel to an eroded valley slope, simple translation along 
weak layers is the dominant mode of initial movement. The best documented cases exist 
for landslides in the Columbia River Group. Russell (1893) reported sliding of Columbia 
River Basalt on the tuffaceous rocks of the John Day Formation. The relation between 
Structure and sliding in the Lower Columbia River has also been examined by Anderson 


(1971), Waters (1973) and Palmer (1977). 
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During folding or tilting, strain is preferentially taken up in weak strata between 
more resistant units (e.g., Anderson, 197.1) and leads to the development of flexural slip 
structures. These may consist of rubbly mylonite zones or discrete planar shear surfaces 
along existing bedding planes within units, or unit boundaries. In the Columbia River 
Basalts, Waters (1955) notes the "local smearing out and slickensiding of thin sedimentary 
beds and intercalated residual soils” (pb. 676) and Newcomb (1969) notes the development 
of amylonite breccia between basalt units in Central Washington. Corns and Nesbit (1967) 
encountered extensive interbed shearing at the Green Peter Dam Site in the Willamette 
Basin, Oregon, where shearing in tuffaceous interbeds was so intense in some cases that 
the sheared material had to be mined out and replaced by concrete to provide adequate 
foundations and abutments for the dam structure. Anderson (197.1) has also looked at the 
relationship between structure and mass failure in the Columbia River Valley and reported 
on the nature of bedding plane slips in tuffaceous interbeds. 

In addition to these structures associated with tectonic activity, shear zones may 
also be caused by valley formation in volcanic successions. Features which may be 
attributable to stress relief have been reported from the Green Peter Dam (Corns and 
Nesbit, 1967) and the McNary Dam (Gullixson, 1958). These features include vertical 
shear zones parallel to the valley walls and complex fault patterns in valley bottoms, and 
compare to similar features encountered in dam sites in the Plains, e.g., Underwood et a/. 
(1964), Matheson and Thomson (1973). 

In the North American Cordillera the area of exposure of Cenozoic volcanic 
successions is typified by Basin and Range structure (Stewart, 1979) and associated 
normal block faulting. The generally steep faults control the plan geometry of landslides in 
Providing planes of low shear strength in the separation phase and also control the 
Stratigraphical continuity of the weak layers at the base of slopes (Fig.1.3). Low-angle 
faults, such as antithetic faults accompanying normal faulting, or thrust faulting 
accompanying strike slip along normal fault planes, may be important locally in slope 


Stability but their role is not well documented. 
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Figure 1.3 Effect of steep faults in controlling landslide geometry and occurrence. 


16 


17 


1.3.4 The Role of Groundwater Flow Systems 
The groundwater conditions attending the occurrence of large landslides in 
interlayered volcanic sequences is largely unknown for several reasons: 

(a) Initial slope movements, with the few exceptions noted above, have taken place at 
various times in post—Pleistocene time. The landslides in the Intermontane region of the 
United States, for example, are thought to have resulted from much wetter climates which 
have occurred in Pleistocene and Holocene times. 

(b) Landslide complexes frequently result from several movement phases over time and 
the role of groundwater in these different phases is difficult to assess. 

(c) Groundwater flow patterns are highly complex because of the heterogeneity of 
conductivity within a volcanic succession (cf. Davis, 1969; Atlantic Richfield Hanford Co., 


1976). Hence the estimation of groundwater pressures on potential failure planes is very 


difficult. 


The various structural features that produce permeability and porosity in volcanic 
successions are well documented by Davis and de Wiest (1966), and Davis (1969). The 
nature of groundwater flow systems and large-scale features are less well known, 
however. Newcomb (1959, 1966, 1969) has investigated groundwater in the Columbia 
River Basalt and recent observations were made by Atlantic Richfield Hanford Co. (1976). 
The control by tectonic structures and the occurrence of artesian horizons are stressed 
by these workers. Artesian horizons in rubbly interbed material are reported from dam 
sites by Thompson (1950) and Chandler (1966) in the northwest United States. Whilst 
Hodge (1977) did not model groundwater flow systems in volcanic successions 
specifically, his model of interstratified sandstones and shales exhibiting stress relief 
features is worthy of note. He concluded that because of conductivity contrasts in the 
interlayered beds and the occurrence of horizontal gouge zones due to interbed slip that 


the resultant flow regime was detrimental to the stability of the valley wall. 
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1.4 A Regional Landslide Framework for the Study of Landslides in Volcanic 


Successions in South Central British Columbia 


1.4.1 Regiona! Landslide Studies 

This work has been conducted as a regional landslide study. As Morgenstern et a/. 
(1977) have pointed out, the results of the regional landslide study "are particularly useful 
in providing insight into the geological (and climatic) factors controlling instability and, by 
comparing various cases, into the likely mechanisms that contribute to instability” (p. 569). 
Examples are the studies of slope stability in the London Clay (Hutchinson, 1967), Lias Clay 
(Chandler, 1971), Leda Clay (LaRochelle et a/. 1970), the Cretaceous argillaceous bedrock 
of the North American Plains (e.g., Thomson and Morgenstern, 1977, 1979; Scott and 
Brooker, 1968; Erskine, 1973). These have been valuable in revealing many common 
features of landslides and are therefore suggestive of the factors that influence the style 
of instability (Morgenstern et a/. 1977). They may be seen as the vital precursors to the 
engineering phase of slope stability investigations undertaken for major construction 
projects. Many of the regional landslide studies referred to in previous sections have 
concentrated on the variety of landslide types in various materials within a specific region 
Or map area and, therefore, have lacked the depth which is required of an integrated 


regional landslide study of a defined geological environment. 


1.4.2 Background to the Present Work 

From the preceding review of instability in layered volcanic successions, it is 
evident that an integrated regional landslide study, which examines the regional occurrence 
of instability in relation to a set of geological factors, and also investigates a number of 
selected landslides with reference to landslide mechanics, has not been carried out. This 
work was designed to fill that gap and was begun in the fall of 1977 with the intent of 
investigating massive landslides in Tertiary volcanic successions in the southern Interior 
Plateau of British Columbia, Fig. 1.4. 

Two areas within the Interior Plateau, defined in Fig. 1.5, were investigated. The 
investigation was concentrated in the Thompson Study Area (16,565 km?) which included 


northern parts of the Thompson Plateau and the southern fringe of the Fraser Plateau. A 
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reconnaissance was also made into the Chilcotin River basin, within the Fraser Plateau, and 
landslides in an area of 6500 km? were mapped. 

Two Tertiary successions are examined in this work: 

a. The Paleogene Succession: the Kamloops Group of Dawson (1899) which is of 
Eocene-Oligocene age, consisting of a structurally disturbed succession of 
lava flows, breccias and volcaniclastic rocks. 

b. The Neogene Succession: consisting of a basal series of volcaniclastic rocks 
overlain by a series of basaltic lava flows known as the plateau lavas (e.g., 
Campbell and Tipper, 197.1), which are mainly of Mio—Pliocene age and 
structurally undisturbed. 

Landslides in both successions were investigated in the Thompson study area but 
work in the Chilcotin was limited to slope movements in Neogene rocks. 

In the Thompson study area no indication of the landslide susceptibility of slopes 
developed in these successions had been given by previous workers in the region before 
Fulton (1975) and Ryder (1976) mapped a number of landslides in their investigations of 
surficial geology in the Vernon, Kamloops, Merritt, and Ashcroft areas. In the Chilcotin 
area the existence of large landslides has been previously reported by Heginbottom 
(1972). The writer became aware of the extent of massive instability in these successions 
whilst in the employ of the Government of British Columbia, and this work represents the 
first detailed examination of these features in the Southern Interior. 

Extensive landsliding in Tertiary volcanic rocks in other parts of British Columbia 
has been noted by Alley and Thomson (1978) on Graham Island, Queen Charlotte Islands 


and by the writer in the Princeton Basin. 


1.4.3 Objectives of the Present Work 
The present work has the following objectives; 

(a) To establish the regional distribution of landslides, the variation in landslide types and 
the geomorphic and geological environments of landslides in Paleogene and Neogene 
volcanic successions in selected areas of the southern Interior Plateau of British Columbia. 

(b) To isolate the geological factors contributing to slope movements within a smaller 


Study area (including geomorphology, geological history, stratigraphy, lithology and 
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structure) with particular emphasis on the characteristics of weak volcaniclastic strata, and 
to describe landslide morphology, kinematics and movement history. 

(c) To investigate the microstructure and geotechnical properties of weak volcaniclastic 
rocks which are associated with landsliding. 

(d) To evaluate sliding and spreading models of slope movement with respect to 
selected landslides. 

(e) To develop a geotechnical basis for the assessment of existing natural slope stability 


for use in natural hazard evaluations. 


oy 


i siebine pir ACY jaa io 2 


ganeieinaciow 


dele I> 2aceqo'.) Se 


' 


he "So6qjea) an 7 i Fare rit ayols 


yhiidets zoe later Oatsuk 1o7 


4 


A 


" 
f 
j , , 
o g ‘ 
: # 
Y 
é a 
s 
e 
* : 
} 
2 
’ /” 
s 


yrotaut Irvsrteaaneey 


2. THE GEOLOGY OF TERTIARY VOLCANIC SUCCESSIONS IN SOUTH-CENTRAL 
BRITISH COLUMBIA 


2.1 Introduction 

Complex sequences of Tertiary volcanic rocks and associated volcaniclastic rocks 
and sediments occur throughout the Interior of British Columbia. As mentioned in Chapter 
1, two volcanic successions of different ages are distinguished and are termed the 
Paleogene and Neogene successions. 

The Paleogene succession consists of a wide variety of lava types, pyroclastic 
material and sediments. In contrast to the Neogene succession, it is structurally disturbed 
by gentle folds and a variety of faulting processes (Ewing, 1981a). The distribution of 
Paleogene rocks Is given in Figure 2.1, and, based on K/Ar dating and palaeoenvironmental 
interpretation they are Eocene in age (Mathews and Rouse, 1963; Mathews, 1964; Hills and 
Baadsgaard, 1967; Ewing, 1981a). 

The Neogene succession contrasts lithologically with the Paleogene rocks by 
exhibiting a narrow range of lava types. The succession is dominated by a series of basalt 
lava flows with associated intra—volcanic and basal sediments which are frequently 
tuffaceous. Only a limited amount of coarse grained pyroclastic material is present in the 
succession. With the exception of minor warping, the Neogene succession is structurally 
undisturbed. The distribution of Neogene rocks in the Interior Plateau is given in 
Figure 2.1. As will be seen in Chapter 3, the differences between the two successions 
have an important effect in determining their landslide response. 

It is noted in this work that the term 'volcaniclastic’ is used in the sense of Pettijohn 
(1975, p. 299), i.e., those materials with a preponderance of fragments of volcanic origin. 
Volcaniclastic materials include pyroclastic debris but also include deposits derived from 
volcanic source rocks by ordinary processes of weathering and redeposited pyroclastic 


materials. 
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Figure 2.1 Distribution of Paleogene and Neogene volcanic rocks in the southern Interior 
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2.2 The Paleogene Succession 


The stratigraphy of the Paleogene rocks is only well known at a limited number of 
locations, and to date no formal regional correlation has been established. In the 
Thompson study area, Ewing (198 1a) has suggested that the rocks contained in the 
Paleogene succession be named the Kamloops Group. The long history of their 
description and the evolution of their stratigraphical nomenclature has been discussed by 
Campbell and Tipper (197.1), Graham and Long (1979) and Ewing (198 1a). It is intended 
here to discuss the geology of the Kamloops Group only with reference to its engineering 
significance. Therefore, in this context, a three-fold division of the succession is made 
on the basis of material types, viz. a basal sedimentary and volcaniclastic assemblage, a 


volcanic rock assemblage and an intra-volcanic volcaniclastic assemblage. 


2.2.1 The Basal Sedimentary and Voicaniclastic Assemblage 

The form and characteristics of the sub—Paleogene unconformity are included in 
the basal sedimentary assemblage since it is a potential zone of weakness associated with 
the assemblage. 

(a) The sedimentary and volcanic/astic rocks: 

The sedimentary and volcaniclastic rocks are occasionally interbedded with lava 
flows and accumulated on a sub~aerial surface developed in pre-Tertiary rocks. They 
include conglomerates, fanglomerates, breccias, sandstones, siltstones, mudrocks and 
Coal, which vary in their contents of pyroclastic material as well as tuffs and tuff breccias. 
Variations in facies show a variability consistent with the variability of depositional 
Processes on a sub-—aerial surface. Beds are thinly bedded and show rapid vertical 
Variations in lithology (Long, 1981). 

In the Bonaparte Lake area, the basal assemblage is called the Chu Chua Formation 
(Campbell and Tipper, 197.1) and consists of a series of conglomerates, arkosic 
Sandstones and sandy shales containing the occasional coal seam. In the Ashcroft and 
Nicola map-sheet areas it is known as the Coldwater Beds (Dawson, 1896; Cockfield, 
1948; Duffel and McTaggart, 1951), and again consists of continental sandstones, 
conglomerates, shales and clays. Extensive coal seams occur within the basal assemblage 


in the Hat Creek, Merritt and Quilchena basins. At Hat Creek, Church (1977) has informally 
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subdivided the basal assemblage into the Coldwater Beds (sandstones, conglomerates, 
claystones and coal), the Hat Creek coal measures (thick seams of coal containing 
bentonitic seams, siltstone and sandstone lenses) and the Medicine Creek Formation (an 
alternating sequence of lacustrine siltstone and claystone). Bentonitic seams are also 
reported from the McAbee locality by Hills and Baadsgaard (1967). In the Vernon 
map-area the basal assemblage varies in thickness from a few centimetres to over one 
hundred metres and consists of lacustrine, fluvial and colluvial deposits and weathered 
detritus (Jones, 1959). 

Church (1979) mapped basal beds in the Terrace Mountain area in the vicinity of 
Bouleau Lake as the Shorts Creek Formation, consisting of sandstones, shales and 
conglomerate. Ewing (198.1a) applied this formation name to similar sediments found in 
the Falkland area. 

The thick basal assemblage in the Kamloops area, the Tranquille Formation, has 
been studied in detail by Ewing (1979, 198 1a). It consists of 450 m of lacustrine 
sediments and bedded tuffs, andesitic lava flows and mudflow breccias as well as other 
landslide deposits. Ewing's reconstruction of the filling of the Tranquille Basin is thought 
to be typical for the Paleogene sedimentary basins in the interior. Graham and Long (1979) 
have described lacustrine sediments and coal in the Tranquille beds in the vicinity of the 
Afton mine, west of Kamloops. 

The basal assemblage thus reflects the variability of sedimentary processes acting 
on an uplifted early Tertiary landscape. Localised fault-bounded sedimentary basins were 
the foci of deposition of fluvial, lacustrine, organic accumulation and alluvial fan 
processes, in addition to slope processes, which included large landslides. As a result of 
this process pattern, the assemblage is characterised by rapid vertical and lateral facies 
changes which are manifested in marked changes of thickness and lithology over short 
distances (Long, 1981). Geotechnical properties and the engineering behaviour of the 
assemblage are expected to reflect this heterogeneity which is further complicated by 
Varying airfall pyroclastic contribution to the deposits. 

(b) The basal Tertiary unconformity: 
In assessing the role of the basal assemblage as a zone of weakness within the 


Paleogene succession, consideration must be given to the configuration and nature of the 
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basal Tertiary unconformity. Exposures of the unconformity are not plentiful, however, 
and detailed subsurface investigations have not been carried out. 

With reference to the configuration of the surface, Fulton (1975), referring to 
evidence at Enderby and at Shorts Creek, suggests that relief on the basal Tertiary surface 
was as great as 915m. Bostock (1941) and Campbell and Tipper (197.1) comment on the 
surface being arock surface of steep relief. The cause of this configuration is not clear, 
1.e., whether it was due ta primary topography or to contemporaneous, or later, faulting. 

The nature of the unconformity appears to vary with location and is not related to 
the lithology of the pre-Tertiary rocks. Some workers have observed a depositional 
transition between pre-Tertiary and Tertiary rocks without a dramatic change in material 
properties (e.g. Uglow, 1922; Mathews, 1981), whilst others report a weathered or highly 
altered boundary. For example, Ross (1975) reports from the Vaseux Lake area that the 
basal Tertiary rocks are unaltered in contrast to the underlying metamorphic material 
which, within 15 m of the Tertiary contact, is highly altered. Riglin (1976) reported the 
contact to be weathered near Summerland, where it forms a saprolite and weathered rock 
zone in granodiorite. She suggests that this forms the zone of weakness on which the 
Crater Mountain landslide moved. The basal Tertiary unconformity is exposed in the 
Salmon Valley and, as described in Chapter 4, basal Tertiary volcaniclastics were found to 


rest on a friction breccia of unknown origin developed in Palaeozoic Chapperon schists. 


2.2.2 The Volcanic Rock Assemblage 

The volcanic rocks of the Paleogene succession vary throughout the study area 
and also vary markedly within a sequence at a given location. They include, for the 
purpose of this discussion, lava flows and associated flow-top breccias. The petrology 
and geochemistry of lava flow rocks from the study area have recently béen examined by 
Ewing (198 1b). Church and Evans (1983) have recently reported on the petrology and 
geochemistry of lavas from the Salmon River valley, near Westwold. Lava types ranging 
from basalt to rhyolite occur and scoriaceous horizons and vesicular lavas are common. 
Columnar jointing is rare but, in general, the rocks are dominated by persistent vertical 
jOints. Accumulation of the volcanic rock assemblage was episodic and spatially variable 


between about 53 Ma and 45 Ma. The sequence contains unconformities which separate 
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phases of deformation and indicate periods of continental erosion and deposition during 
which intra—volcanic volcaniclastic rocks accumulated. 

The thickness of the volcanic rock assemblage varies considerably according to 
the vagaries of original accumulation patterns and subsequent erosion. Individual flows 
may be up to 16 min thickness. Basaltic lavas are predominant in the Thompson study 
area with andesites being of secondary importance, whilst flow-banded siliceous lavas are 


frequently found near the base of the assemblage. 


2.2.3 Intra-Volcanic Volcaniclastic Assemblage 

Rocks included in this assemblage are agglomerates, pyroclastic breccia and tuffs, 
fragmental rocks (such as laharic breccias) resulting from mass movement processes, and 
localised interbeds of sedimentary material. Where present, these beds form an important 
zone of weakness in slopes developed in the volcanic rock assemblage. As discussed in 
Chapter 5, alteration processes are important in the development of smectite clays in 
these materials resulting in further degradation of mechanical properties. Accumulation of 
these deposits varies locally, giving rise to rapid changes in horizontal and vertical facies. 

Ewing (198 1a) has described in detail the intra—voicanic assemblage within the 


Tranquille Basin near Kamloops, where it consists mainly of breccia and tuffs. 


2.3 Structural Geology of the Paleogene Succession 

The structural complexity of the Paleogene succession in the study area was not 
realised by earlier workers. In geological maps by Duffel and McTaggart (195.1), Cockfield 
(1948) and Jones (1959), no faults are indicated within the Kamloops Group. Campbell and 
Tipper (1971), Church (1973) and Ewing (1980, 198 1a) have discussed structural features 
within the succession in some detail. Paleogene tectonic events were dominated by 
dextral strike-slip faulting forming a wide transcurrent shear zone through the Cordillera 
(Ewing, 1980; Long, 19811). Within this shear zone we may define the Interior strike-slip 
shear zone situated between two very marked vertical to steeply—dipping converging 
Principal displacement shears, i.e., the Pinchi Lake — Louis Creek Fault and the Fraser River 
Fault zone (Fig. 2.2). The structure of the Interior Shear Zone has a marked similarity to the 


Structure of shear zones of various magnitudes reported by Skempton (1966) and 
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Tchalenko (1972). The result of these shearing processes was to cut the rocks into shear 
lenses and slices of varying shapes and sizes, and a hierarchical series of structural 
features is evident. Deformation is also seen within the blocks as shown in Figure 2.2C 
from Ewing (198 1a), and lineament patterns from the Salmon River study area (Fig. 2.2D) 
suggest even smaller scale features perhaps indicative of strike-slip movement along 
closely—spaced, steeply—dipping shear surfaces. 

Locally, complex variations in structural pattern exist due to a number of factors. 
Strike-slip movement on buried normal faults can produce reverse faults (Church, 1979; 
Brown, 1928). Further, normal dip—slip movement can take place transverse to the 
direction of strike slip (Lensen, 1958; Ewing, 1981a), giving rise to horst and graben 
structures. Grabens formed in this way became loci for the deposition of the basal 
assemblage. The margins of the grabens are not simple dip—slip structures but may be a 
jumble of faults and slump blocks, e.g., at the southern margin of the Tranquille Basin at the 
Afton mine (Preto, 1973; Carr and Reid, 1976; Ewing, 198 1a). 

Low angle normal faults occur within the succession. One such feature was 
examined at Teakettle Creek, southwest of Monte Lake, and is seen in Plate 2.1. It is not 
related to any present surface instability and is interpreted as the shear surface of a large 
landslide which occurred contemporaneously with the accumulation of the sequence. The 
presence of such shear surfaces within the succession would have considerable 
significance in slope stability considerations. 

Eurther mention must be made of the presence of contemporaneous Tertiary 
landslides within the succession. Their presence is important since they provide 
pre-sheared surfaces within the succession, and they also complicate the interpretation of 
exposures in the vicinity of present day landslides. During the accumulation of a 
sub-aerial volcanic succession, slopes frequently become unstable due to erosion, 
seismicity, the growth of fault scarps and volcanic loading. Large contemporaneous 
landslides are characteristic of the Kamloops Group and its equivalents throughout the 
Cordillera (Pearson and Obradovich, 1977), and may involve pre-Tertiary rocks as well as 
rocks of the volcanic succession. Slump blocks are described by Preto (1973) at Afton 
mine near Kamloops, and Church (1973) describes rock avalanche deposits within the 


Skaha Formation in the White Lake Basin near Penticton. 
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The operation of these various shearing processes has resulted in a complex 
structural pattern in which the Paleogene rocks are frequently broken up into small blocks 
or panels of varying orientation (Ewing, 1979). Campbell and Tipper (197.1) reported that 
around Bridge Lake the Skull Hill Formation has no consistent dip direction and is cut by 
closely spaced faults that have produced disoriented, tilted fault blocks. Similar structural 
features were found in the Salmon River valley as discussed in Chapter 4 and are 
important controls on the plan geometry of landslides. 

A schematic diagram of a block of valley side slope developed within the 
Paleogene succession which illustrates the lithological and structural features that 
determine its landslide response is shown in Figure 2.3. The role of these features in 
controiling slope movements will be discussed on a regional scale in Chapter 3 and with 


specific reference to the Salmon Valley landslides in Chapter 4. 


2.4 The Neogene Succession 

As mentioned above, the Neogene succession in the study area differs from the 
Paleogene succession in many respects and is less complex in lithology and structure. 
Two distinct assemblages are identified and consist of a basal sedimentary assemblage and 


a volcanic rock assemblage. 


2.4.1 The Neogene Basal Sedimentary -Volcaniclastic Assemblage 

The basal sedimentary—volcaniclastic assemblage was deposited on the eroded 
surface of older rocks which includes for the most part eroded Paleogene rocks. Their 
deposition was preceded by a period of erosion lasting approximately 32 Ma, during 
which time a marked erosion surface developed in the Interior Plateau (Mathews, 1968). 
The Neogene basal sedimentary—volcaniclastic assemblage represents the initiation of the 
Miocene sedimentary—volcanic cycle. 

The basal sedimentary-volcaniclastic assemblage has been examined in most detail 
by Campbell and Tipper (197.1) in the upper Deadman River valley and they have named 
these rocks the Deadman River Formation. Equivalent strata are found at Chasm Creek and 
throughout the Chilcotin River valley (Tipper, 1959;1963). Some sediments interfinger 


with the overlying plateau lavas near Big Bar Creek (Trettin, 196.1) and along the Chilcotin 
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KEY TO GEOLOGICAL FEATURES. 


A. LAYERED VOLCANICLASTIC MATERIAL AT BASE OF SUCCESSION 
B. LAVA FLOW UNITS 
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Figure 2.3 Schematic block diagram of valley side slope developed within the Paleogene 


Succession illustrating lithological and structural features which determine its landslide 


response. 
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River (Tipper, 1963). The assemblage consists of laminated lacustrine clays and silts, 
diatomite, fluvial silts, and sands and gravels which vary in pyroclastic content, as well as 
fanglomerates, tuffs and tuff breccias. Generally the rocks are poorly indurated. Marked 
variations tn lithology and thickness occur within the assemblage. Campbell and Tipper 
(197.1) suggest that the sub—Miocene unconformity had a relief of at least 150 m in the 


vicinity of the upper Deadman River valley. 


2.4.2 The Neogene Voicanic Rock Assemblage . 

This assemblage is dominated by a monotonous series of basait flows. Most 
flows are thin, being between 1.5 m and 15 m thick (Campbell and Tipper, 1971) with thin 
flow top breccias. Locally breccia and pillow lavas are present proximal to major river 
channels and minor silicic ash layers within the assemblage may be the product of Coast 
Range volcanoes to the east (Bevier, 198 1). 

K-Ar age determinations reported by Bevier (1981) range in age from 0.6-19.8 Ma 


with most dates being in the range of 6-10 Ma (Miocene). 


2.4.3 Structural Geology of the Neogene Succession 

For the most part the Neogene succession is flat—lying or very gently tilted, as 
noted at the Chasm near Clinton. There is an absence of folding or faulting, and, in further 
contrast to the Paleogene succession, there are no marked unconformities within the 
succession. Some dips in the Deadman River Eormation may be due to slumping or 
differential compaction from the weight of the overlying plateau lavas (Campbell and 
Tipper, 197.1). Columnar jointing is common in the lavas and cooling joints are pervasive. 
Local structural disturbance in the vicinity of valley sides may arise from stress relief, as 
has been encountered in the Miocene basalts of the Columbia River Plateau{Corns and 
Nesbitt, 1967). 

A schematic diagram of a block of valley side developed in the Neogene 
succession is seen in Figure 2.4 (cf. Fig. 2.3). The regional landslide study in Chapter 3 will 


€valuate the role of these features. 
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KEY TO GEOLOGICAL FEATURES. 


A. LAYERED VOLCANICLASTIC MATERIAL AT BASE OF SUCCESSION 
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Figure 2.4 Schematic block diagram of valley side slope developed within the Neogene 
Succession illustrating lithological and structural features which determine its landslide 


response. 
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2.5 History of Slope Development 


The land surface of the Southern Interior of British Columbia has been subject to 
slope development processes since the early Tertiary. As aresult certain features of the 
landscape are inherited from that era, having persisted in the landscape to the present. In 
addition, because of a succession of deposition, uplift and erosion stages, the stress 
history of materials making up the slopes in the area is complex. 

Although unconformities within the Paleogene succession reflect periods of 
erosion during accumulation, the oldest inherited feature is thought to be the Paleogene 
erosion surface or the "upland erosion surface” which is found in the northern Thompson 
Plateau and southern Eraser Plateau. It resulted from the uplift and dissection of the 
Paleogene succession, the structure of which it truncates. In the 30 Ma of its formation, 
an unknown depth of Paleogene rocks was eroded. 

Dissection of this surface had already begun before the deposition of the Neogene 
basal assemblage in the Miocene. At the cessation of Neogene vulcanism, another erosion 
surface was formed, the Neogene surface, during which an indeterminate thickness of 
Neogene volcanics was eroded. The Neogene surface was then dissected by Pliocene 
uplift, during which the current main valley system was excavated (Mathews, 1968). Some 
of these valleys were exhumed from the pre-Miocene surface since many present river 
valleys appear to follow old Tertiary drainages, particularly in major fault zones. 

At the onset of glaciation, therefore, slopes in the study area had already been 
subject to a complex series of geomorphic events over an interval of approximately 
50 Ma. 

The glacial history of the study area has been reported in detail in a number of 
Papers by Fulton (1965, 1967, 1969, 1975, 1976), Ryder (1976, 1978) and Tipper 
(1971). Several glaciations affected the Interior which was covered by a continental-type 
ice-sheet. The ice sheets covered the summits of the Interior Plateau, and although they 
did not follow the valleys during their maximum extent, they appear to have been valley 
controlled in their stagnating phase. The Fraser glaciation and its retreat is the best 
documented (Fulton, 1969, 1975) and perhaps the most important effect was the 
formation and drainage of pro-glacial lakes during deglaciation. This gave rise to 


Oversteepened meltwater channels which are preferred sites for many of the large scale 
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slope movements as discussed in Chapter 3. 

The history of slope development is further complicated by stream capture and 
glacial drainage derangement which has led to the formation of high level water gaps and 
steep gorges in several places in the Thompson Plateau. 

The post-glacial geomorphic history of parts of the study area has been examined 


in detail by Ryder (1971, 1976, 1978) and will be discussed in Chapter 7. 
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3. LANDSLIDES IN THE TERTIARY VOLCANIC SUCCESSIONS OF SOUTH-CENTRAL 
BRITISH COLUMBIA 


3.1 Introduction 


3.1.1 Previous Work 

Prior to the work of Fulton (1975) and Ryder (1976), only Cockfield (1948) and 
Duffel and McTaggart (195.1) briefly mention landslides in the Ashcroft and Kamloops 
areas. 

Fulton (1975) treated landslides as post-Fraser glaciation deposits and noted that 
they ‘consist of piles of shattered bedrock lying below escarpments’” (p. 30). He observed 
the linkage between large landslides and Tertiary bedrock and noted that "most occur 
where soft, clay rich sediments underlie competent volcanic rock” (p. 30). The surficial 
geology maps produced by Fulton (1975) were the first to locate many of the iarge 
landslides in the Nicola—Vernon area. 

Ryder (1976), in the Ashcroft area, treated landslides as a terrain mapping unit and 
describes large-scale slumping in the Camelsfoot Range in Neogene rocks at Leon Creek 
as "huge crescentic blocks ... breaking away from the margins of a plateau of Tertiary 
volcanic rocks’ (p. 1.1). The cause was ascribed to the presence of clay—rich sediments 
underlying the volcanics. ‘ 

In the Taseko Lakes map-—area, Heginbottom (1972) mapped large landslides in 
Neogene rocks along the Chilcotin River, Big Creek, and in the vicinity of Alkali Lake. 

The large landslides discussed in this work involve the valley side slope unit, /.e., 
the top of the scarp is usually the top of the valley side slope and the toe of the slide is 
usually at the base of the valley. As such, smaller scale movements, as discussed in detail 
by Riglin (1977) at Trout Creek, Summerland, and mentioned by Ewing (1979) on the south 
Side of Kamloops Lake, are excluded. Further, mass movements in Lower Paleogene 
sedimentary and volcaniclastic rocks in Hat Creek currently being investigated by British 


Columbia Hydro and Power Authority are also excluded. 
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3.1.2 Objectives and Techniques of Investigation 

The objectives of this part of the investigation are three-fold. 

1. to report the results of a detailed landslide inventory in both Paleogene and Neogene 
rocks within the stucy areas. This adds to the inventory already in existence in the 
form of the maps of Eulton (1975) and Ryder (1976) in the Thompson study area and 
Heginbottom (1972) in the Chilcotin. 

2. to establish the geological factors responsible for each landslide. 

3. to map the morphology of the landslides in order to classify movement type and 
mechanism. 

In establishing the landslide inventory, aerial photographs were obtained of the 
areas of outcrop of the Tertiary volcanic rocks in the study areas. These photographs 
were interpreted and landslide sites detected. The majority of the sites were then 
inspected in the field during the 1978, 1979 and 1980 field seasons. Observations were 
made on local geology, characteristics of the landslide debris and shear zones. This 
chapter reports the regional aspects of this work whilst the detailed observations made in 
the Salmon Valley are reported in the next chapter. 

The south-central part of British Columbia is amenable to extensive field work due 
to the presence of a network of public and private roads and trails, as well as the open 


nature of the forest cover. 
3.2 The Landslide Inventory 


3.2.1 Uncertainty in the Recognition and Delimitation of Landslides 

A major problem in establishing the landslide inventory was one of recognition, 
both on aerial photographs and on the ground. A secondary problem was the precise 
delimitation of the extent of slide debris. 

The problem of landslide recognition is commonly encountered in regional studies 
of landslide processes and surficial deposits (Flint and Denny, 1958; Bailey, 197.1; Rib and 
Liang, 1978). In the context of this investigation uncertainty was generated by the 
following: 


(a) Strike ridges in tilted fault blocks sometimes give the impression of being back-tilted 
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slide blocks (e.g., north end of Enderby Cliffs). 

(b) Erosion of a slope on one side of a prominent joint or fault which gives the impression 
of a landslide block or scarp. This is particularly a problem because some of the landslides 
encountered have undergone limited movement. Thus slope disturbance is minimal (e.g., 
between Buse Hill and Ducks Meadow). 

(c) Some meander scars along valleys in flat—lying Neogene rocks can be interpreted as 
landslide scars (e.g., between Hanceville and Aiexis Creek). 

(d) Post-failure modification of the scarp region of several landslides, by erosion, makes it 
difficult in some cases to precisely delimit the boundaries of the slide (e.g., Buse Hill). 

(e) Post-failure channelling and in some cases deposition can also make it difficult to 
delimit the precise boundaries of certain slide debris. 

(f) Confusion can occur due to the similarity between hummocky landslide debris and 

_ certain types of hummocky glacial debris (e.g., east of Siwash Rock Mountain). 

(g) Lateral meltwater channels close to the valley rim can give the impression of being the 
product of block separation (e.g., along the Chilcotin River). 

(h) Also, in the Chilcotin study area, valley side steps in the horizontal Neogene rocks can 
give the impression of landslide blocks. 

(i) Erratic dips within and between fault blocks can give the impression of a slope (e.g, in 


the Salmon River Valley) having been subject to a partially developed slope movement. 


3.2.2 The Problem of Landslide Classification 

Difficulty is encountered when attempts are made to classify slope movements in 
volcanic successions. As described in detail below, many of the landslide sites represent 
the outcome of several slope movement events which occurred in complex succession, 
each event possibly exhibiting a different mode of movement. It is important to identify a 
primary slope movement event which constitutes the initial movement of a slope and 
which results in the production of primary landslide debris. Successive movements 
involving additional failure in the scarp, or re-mobilisation of debris, are termed secondary 
movements. Part of the difficulty associated with classifying landslide sites in the volcanic 
successions under study is the importance of secondary flows which are a response to 


the changing properties of volcaniclastic and pyroclastic debris through time during which 
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high strength loss associated with alteration and remolding takes place. 

There are two aspects to the problem of classification, viz. the type of movement 
involved in the primary failure and the classification of a landslide site that has been subject 
to successive movement events. 

It is thought that in the landslides described below, initial movement involves some 
type of block failure wherein be cap begins its movement as a rigid body. This precedes 
disintegration and later degradation. The question remains as to whether or not these 
initial block movements are, according to Varnes (1978), slides (involving displacement 
along one or several surfaces) or spreads (where the dominant movement is lateral 
extension owing to the liquefaction or plastic flow of subjacent material). The boundary 
conditions controlling the two modes of movement will be discussed in detail in Chapter 7. 

In the Varnes (1978) classification, displaced material which has been subject to 
successive movements which exhibit different modes, would be termed complex 
movements. This writer feels, however, that the term is unsuitable for the present study 
since it is too insensitive to the wide variation in morphology exhibited by landslide sites 
which have been subject to secondary flows and other types of movement. 

For the purpose of this study the following morphological classification will be 
used; 

(a) Simple Block Movements 

Discrete landslides with well-defined lateral margins. It may be interpreted to be the 
result of one event. Landslide blocks are preserved and well defined. Degradation of 
debris is minimal and secondary movements are restricted to block movements within the 
debris. Longitudinal grooving and low amplitude transverse ridges are absent. The 
movement can be a slide or a spread. Usually field criteria are absent for distinguishing 
these types of movement (e.g., Ducks Meadow in Fig. 3.18). 

(b) Multiple Juxtaposed Block Movements 

A contiguous area of interlocking blocks running for some distance along a valley side 
slope resulting from a succession of block movements through time. Age differences 
may be apparent in the blocks which are well defined. Degradation of older blocks may 
have taken place and secondary movements are restricted to block movements within the 


debris. The movements can be either spreads or slides (e.g., Chasm Creek in Fig. 3.22). 
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(c] Complex Block Movements 
Individual, discrete landslides with well defined lateral margins which may be interpreted as 
the result cf one event. Blocks are preserved near the scarp but down slope 
fragmentation has resulted in debris flowage. Longitudinal grooving and transverse ridges 
may be present in the disintegrated zone which exhibits lobate toe areas. Initial block 
failure may be a slide or spread (e.g., Deadman River Complex 3, Fig. 3.20). 
(d) Successive Block Movements 
Discrete or continuous block movements in which blocks involved in initial movement 
(either block movement or disintegrated block movement) undergo degradation due to the 
alteration of debris as aresult of secondary flow processes (e.g., Enderby, Fig. 3.12). 

Thus two types of complex movements are distinguished, one in which the 
complexity arises from one event, and one where the complexity arises from a succession 


of events over time consequent upon the changing mechanical properties of the debris. 


3.2.3 The Results of the Landslide Inventory 

(a) Paleogene Rocks 
Approximately 50 landslide sites were identified in Paleogene rocks in the Thompson 
Study area. As can be seen in Figure 3.1, they are concentrated in an extensive Paleogene 
outlier centred on Westwold. Other local concentrations occur in outliers in the Shuswap 
Highland at China Valley, Ely Hill, Mount Ida and Enderby. To the west of the Westwold 
outlier, scattered slides occur on Paleogene outcrops as far west as Hat Creek, but a large 
concentration of slides is found near the northern margins of the Thompson Plateau in the 
Deadman River Valley. Some landslide geometries, types and other properties are given in 
Table 3.1. 

(b) Veogene Rocks 
Figure 3.1 also shows the results of the inventory of slides in Neogene rocks in the Fraser 
Plateau and the Camelsfoot Range. Concentrations are found along north-south trending 
valleys in the upper Deadman Valley and Chasm Creek. Concentrations are also found 
along the west side of the Fraser River near Leon Creek (in the Camelsfoot Range). In the 
Chilcotin Study area (Fig. 3.2) landslides occur east of Riske Creek in the vicinity of Doc 


English Gulch. Along the Chilcotin River large landslides occur at Big Creek, near Beaumont 
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Table 3.1 Descriptions of landslides in Paleogene rocks. 
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Figs. 3.19,37.20. 
Plates 3.8-3.15. 
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KEY TO COLUMNS : 
1-MORPHOLOGICAL CLASSIFICATION; SB=SIMPLE BLOCK MOVEMENT, MJ=MULTIPLE JUXTA- 
POSED BLOCK MOVEMENT, CB=COMPLEX BLOCK MOVEMENT, VB=SUCCESSIVE BLOCK MOVEMENT. 


2-GEOMORPHIC SETTING; H=HIGH LEVEL PASS, U=UNDERCUT BY FLUVIAL PROCESSES, M= 
MELTWATER CHANNEL, N=NO EVIDENCE OF RAPID SLOPE GEOMETRY CHANGE. 


3-ILLUSTRATIONS. 
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Figure 3.2 Location of landslides in Neogene rocks in the Chilcotin study area. 
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Creek, and sporadically for about 48 km along the north side of the Chilcotin, between 
Lee’s Corner and Redstone. An isolated landslide area was identified east of Alkali Lake 


(Eig. 3.2). 
3.3 Detailed Description of Landslide Sites in the Paleogene Volcanic Successions 


3.3.1 Bouleau Lake and Tahaetkun Mountain 

The landslides at Bouleau Lake (Plate 3.1) were first noted by Fulton (1975), and 
were visited by the writer in the summer of 1979. A landslide complex exists south of 
Bouleau Lake which, together with Little Bouleau Lake, is slide-dammed in origin. Slope 
movements within the slide compiex involved slopes varying in height between 2.15 and 
450m. The landslide varies in length between 1650 and 2100 m. It consists of 3 slide 
masses (Fig. 3.3) which have an overall width of 4.9 Km. Profiles of the landslides are seen 
in Figure 3.4. Bouleau 4 is located to the west of the Bouleau ee landslide complex 
(Eig. 3:5). 

The clustering of slides of such large magnitude in the vicinity of Bouleau Lake 
suggests strong geological control of failure occurrence since other slopes developed in 
the Paleogene rocks of the area of similar geometries show no recognisable signs of 
instability. The geology of the Bouleau Lake area is reported in a preliminary map by 
Church (1979). From this map (Fig. 3.5) it is evident that the rocks have been cut up into 
irregularly shaped fault blocks by vertical faulting, and that the blocks have irregular dips. 
The faulting has resulted in differential vertical displacement between the blocks, and this 
seems to have resulted in weaker beds, probably the Shorts Creek Formation, being 
exposed at the base of slopes which underwent slope movement. Sediments, including a 
sheared black clay shale, and clay—rich debris, were found in road cuts along the base of 
the slide complex. The complex occurs within a triangular shaped fault block and the 
lateral margins of the complex are defined by persistent discontinuities which trend 324° 
and 054° giving a set of fractures which are conducive to northerly movement. Other 
fractures appear to cross the complex (Plate 3..1). 

Much of the slide debris along the Bouleau Lake road is rich in a gritty clay which 


varies in colour from yellow through brown to red. Much of the clay is randomly 
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Plate 3.1 Aerial photograph of Bouleau Lake landslide complex (B.C. Air Photograph 


5187-259-exposed 28 May, 1966). A = Bouleau Lake. 
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Figure 3.4 Profiles of the Bouleau Lake landslides. Drawn with no vertical exaggeration. 
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Figure 3.5 Landslides at Bouleau Lake and Tahaetkun Mountain. Geology after 
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slickensided and probably originated from the alteration of the slide mass. Heavy seepage 
was noted in the slide mass which contributes to this alteration. The debris within the 
complex can be divided into two zones (Fig. 3.3). Zone 1 is directly beneath an ill-defined 
irregular scarp in which degraded slide blocks are still perceptible in the debris. 
Downslope of this zone the debris is disaggregated, either by initial failure or secondary 
movements. Several small lakes within Zone 2 reflect the heavy seepage conditions within 
this part of the debris. Hummocky topography is also observed and longitudinal 
lineaments indicate the sense of movement within Zone 2. Transverse topographic 
features mark the site of secondary failure within these zones. 

Based upon Church's (1979) succession established in the Bouleau Lake area, the 
failed slopes consist of andesitic lava and volcanic breccia from the lower part of the 
Kitley Member of the Marron Formation underlain by the Attenborough Creek Eormation 
consisting of thinly bedded andesite and dacite lavas with breccias. Field observations of 
the attitude of beds within the scarps suggest a dip of 060°/5°. The landslides have 
moved in a direction ranging from 000 to 020° suggesting movement down an apparent 
dip of between 3° and 4°. 

Uncertainty surrounds the interpretation of certain geomorphological features on 
the south flank of Tahaetkun Mountain. A combination of features interpreted from aerial 
photographs suggests the existence of a very large landslide. However, the debris is 
difficult to delimit and features such as the scarp and a hummocky portruberance at the 
foot of the slope could be explained by erosion and glacial deposition. The various ridges 
and transverse features on the slope beneath Tahaetkun Mountain may also have resulted 
from faulting. If the feature represents a landslide, then it is one of the largest in the study 
area, being 760 m high, 2440 m wide and 4420 m in length. 

The slides described above occur in high-level gaps in the Tahaetkun upland with 
summit elevations of about 1370 m. According to Fulton (1975), these were the paths of 
glacial meltwater draining east from pro-glacial lakes known to have existed west of these 
gaps at various stages in deglaciation. Whilst Bouleau 4 appears to have moved without 
Slope geometry change by basal erosion by contemporary streams, slope movements in 
the Bouleau Lake Complex and on Tahaetkun Mountain occurred as a result of downcutting 


and headward erosion by the eastward flowing Bouleau and Whiteman Creeks. 
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3.3.2 Pinaus Lake 

Five major landslides have occurred in the vicinity of Pinaus Lake (Fig. 3.6) in similar 
geomorphological circumstances to the Bouleau Lake movements. Some of the slides 
were first recognised by Fulton (1975). Pinaus Lake and Little Pinaus Lake are also slide 
dammed. The area was traversed in 1978 but no detailed observations were made due to 
heavy vegetative cover. . 

The geology of the Pinaus Lake area has not been mapped in detail. Small scale 
maps produced by Jones (1959) and Okulitch (1979) indicate that weak rocks of the basal 
sedimentary assemblage occur towards the base of slopes in the vicinity of the landslides 
between 915 and 1070 mas. |, overlain with breccias and flow rocks which appear to be 
horizontally bedded. Therefore, it is probable that the landslides occurred in response to 
the presence of weak layers at the base of the valley side slopes during the headward 
erosion of Equesis Creek. The plan geometry of the slides appears to have been 
controlled by steeply dipping discontinuities which are evident in the lineament pattern near 
the scarp. The slides on the south side of Pinaus Lake and Little Pinaus Lake form a very 
large slide complex in which the topography is characterised by irregular hummocky 
terrain. Large flow movements also occur in this vicinity. Several are noted in the vicinity 
of Siwash Rock Mountain (Fig. 3.6) and a large flow occurred between 1974 and 1976 in 
the Salmon Valley 2.75 km to the northeast of the eastern end of Pinaus Lake. It involved a 
heavily altered volcanic breccia and cut a swath through forest cover about 1525 m long 


and 120 m wide (Fig. 3.6, Plate 3.2). 


3.3.3 Estekwalan Mountain 

A major complex landslide has occurred on the south side of Estekwalan Mountain 
(Fig. 3.7) which appears to form part of the remnants of a large volcanic edifice which is 
thought to have been located near the present site of Falkland in Paleogene time (Ewing, 
1981a). The landslide was first noted by Fulton (1975), and is inaccessible. Because of 
this, it was only inspected from the summit of Tuktakamin Mountain by the present writer. 
Movement is again related to the base of the Paleogene succession, i.e., the presence of 
weak sediments at about 915 m, about 300 m above the valley floor (Fig. 3.8). However, 


the slide does not appear to have moved down into the Salmon Valley. Fulton (1 O75; 
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Figure 3.6 Landslides in the vicinity of Pinaus Lake. A = Falkland flow slide p grap 


in Plate 3.2. 
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Plate 3.2 The Falkland landslide which occurred between 1974 and 1976. The movement 


appears to be of the flow type involving altered Paleogene volcanic breccia. Note figure 


for scale. 
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Figure 3.7 Estekwalan Mountain landslide. A-B is line of section in Fig 3.8. 
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Figure 3.8 Approximate geological cross section through Estekwalan Mountain landslide. 
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p. 30) suggested that the slide has produced a large bog by partly damming the Salmon 
River. This writer suggests that the blockage is due to the development of an alluvial fan 
ices. 7). 

The debris of the slide, though heavily vegetated, exhibits very marked transverse 


ridges (Plate 3.3). 


3.3.4 Landslides between Falkland and Salmon Arm 

Large landslides have also occurred on isolated outliers between Falkland and 
Salmon Arm in the Shuswap Highland. These landslides have not been examined in detail. 
Only the general features are recorded here. 
(a) North of Falkland 
North of Ealkland, block type landslides have occurred where westward flowing streams 
have eroded through the Paleogene outlier at Charcoal Creek (locally called China Valley) 
and possibly at Chase Creek just to the south. China Valley is a flat-bottomed valley which 
appears to have been an old lake bed which may have formed by landslide damming 
(Fig. 3.9). A minor slide also occurs on the east flank of Flag Hill to the west of Salmon 
Arm. Again it occurs on the boundary of the Paleogene volcanics. 
(b) Mt. /da 
A large landslide has taken place on the north face of Mt. Ida 4.8 km south of Salmon Arm 
over a slope width of 1770 m, the scarp corresponding to the summit of Mount Ida at the 
head of Rumball Creek (Fig. 3.10). The landslide was first noted by Fulton (1975), occurs 


near the base of the Paleogene and exhibits secondary flow features within the debris. 


3.3.5 Enderby Cliffs 

The landslide at Enderby Cliffs (Plates 3.4 and 3.5) was discovered by.the writer in 
1975 and occurs on the east flank of a Paleogene outlier about 4.8 Km north east of 
Enderby (Fig. 3.11). It was inspected in the field in 1979 and 1980. A traverse was made 
along the landslide scarp and the debris examined. The landslide debris is heavily 
vegetated and infested with black bears, factors which limited the extent of traverses in 
the debris. According to Mathews (19811) the outlier is a fault block tilted to the east 


within which the dips of the various strata are erratic. Mathews (1981) distinguishes three 
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Plate 3.3 View to the north of the Estekwalan Mountain landslide from the summit of 


Tuktakamin Mountain. 
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Figure 3.9 Landslides at China Valley and Chase Creek (Traced from an interpretation of 


B.C. Government air photograph BC 5377-1 27) 
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Figure 3.10 Mount Ida landslide, near Salmon Arm. 
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Plate 3.4 Aerial photograph of Enderby Cliffs. B.C. air photograph BC 5190-158. A 


=North Block; B = Active Flow Lobe. 
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Plate 3.5 Oblique aerial photograph of the Enderby landslide. N=North Block. 
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KEY TO TERTIARY UNITS (DESCRIPTION AFTER MATHEWS, 1981). 

UNIT 1: BASAL UNIT CONSISTING OF THINLY BEDDED SHALES, SANDSTONES AND 
CONGLOMERATES WITH LOCAL DEVELOPMENT OF COAL SEAMS. 

UNIT 2: COARSE INTERMEDIATE UNIT CONSISTING OF CONGLOMERATE AND 
FAN GLOMERATE-CLASTIC BRECCIA WHICH IN PART APPEARS TO BE 
AN EOCENE LANDSLIDE DEPOSIT. 

UNIT 3: UPPER UNIT CONSISTING OF LAVA FLOWS AND VOLCANIC BRECCIA. 


Figure 3.11 Location and geological setting of Enderby landslide. Geology after Mathews 


(198 1). 
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Paleogene units in the vicinity of Enderby Cliffs. The basal unit (Unit 1) consists of thinly 
bedded shales, sandstones and conglomerates with local development of coal seams. 
Cairnes (1932) noted that some of these sediments exhibited clay-like seams "along which 
it appeared that some movement had occurred” (p. 104A), in Coal Gulch to the north of 
Logan Gulch. The middie unit (Unit 2) consists of coarse conglomerate and fanglomerate 
with large clasts up to 10 min length. Most clasts are of pre-Tertiary rocks, and 
according to Mathews (1981) may be in part a large landslide deposit similar to the Skaha 
Formation in the White Lake area (Church, 1973). Together with the observations of 
Cairnes (1932) on exposures in Logan and Coal Gulch, it appears that contemporaneous 
landsliding may have been important in determining the properties of rocks in Unit 2. 

Unit 3 (B in Figure 3.13) consists of flow rocks and large thicknesses of volcanic breccia. 

As noted above, although the fault block is tilted generally to the southeast, dips 
and dip directions within it are erratic. North of Coal Gulch the dips are 20° to the 
southwest (Mathews, 1981), whilst in the landslide area they are 5°- 10° to the east and 
southeast (Fig. 3.12). This appears to be typical of observations on fault blocks elsewhere 
in the Paleogene succession studied (e.g., in the Salmon River). The Brash Creek Fault 
which forms the eastern boundary of the outlier is segmented in zig-zag fashion and the 
segments have orientations of O06°-010° and 041°-045° according to Figure 2 in 
Mathews (1981). Tne structure of the Enderby Cliffs area in the vicinity of the landslide 
was inferred from lineament patterns evident on large-scale aerial photographs (Fig. 3.12). 
As can be seen, the face of the cliffs south of the landslide, and the south scarp of the 
landslide itself, have developed along a vertical discontinuity which has a direction of 041° 
then doglegs to 006°. This mirrors precisely the inferred trace of the Brash Creek Fault 
(Fig. 3.1.1) to the east noted by Mathews (1981) and it is probable that it is a smaller scale 
fault, or at least a persistent set of discontinuities related to the fault. 

Other lineaments were observed. A set is oriented at about 165° and appears to 
correspond to the north scarp of the landslide itself and the eastern boundary of the north 
block. This set of lineaments is thought to correspond to joints observed at the back of 
the north block and forms another block east of the landslide scarp. Another set, which is 
limited in extent to the junction of the north and south scarps, is oriented at 075° and is 


associated with closely spaced fractures (Fig. 3.12). While some of these lineaments 
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could correspond to stress relief fractures formed by the movement itself, it would 
appear that they form part of a larger scale fracture system resulting from tectonic 
activity. 

The morphology of the landslide debris appears to reflect a series of landslide 
events. The scarp is almost vertical and prominently displays the near vertical jointing 
mentioned above (Plate 3.6). Beneath the scarp is a zone of irregular blocks which are 
currently undergoing degradation by weathering and secondary flow. The centre of the 
landslide debris is the site of an active flow, the lobe of which is encroaching on farmland 
and a house (Fig. 3.12, Plate 3.4). The remainder of the debris appears to be irregular and 
blocky in nature and possibly results from the initial failure. The so-called north block is 
separatea from the north scarp at present. An open discontinuity with an aperture of 1m 
was observed from the scarp to run from its top to the lowest part exposed (Plate 3.6). 
However, very little if any vertical displacement has occurred. More debris would 
Pree manly have to be displaced from the upper part of the debris for movement to 
occur. 

The structural control on the plan geometry of the failure has already been 
mentioned. In terms of stratigraphic units an approximate reconstruction of the unfailed 
slope to the north and a geological section (Fig. 3.13) indicate that the failure was located in 
the upper part of Unit 2, the clastic breccia, a brecciated landslide debris unit. Note is 
made of the fact that movement is to the west whilst the dip is to the southeast. This lack 
of correspondence between true structural dip and the direction of slide movement is 
common in landslides in the Paleogene rocks (cf. Chapter 1). 

A proposed chronology of block release from the Enderby Cliffs is given in 
Figure 3.14. The importance of structural control can be seen in determining block shape 
and sequence of block supply. 

In view of this reconstruction of events at Enderby Slide, questions may be raised 
about the stability of the rock mass between the landslide and Logan Gulch. It appears to 
exhibit similar stratigraphy to the landslide site. Indeed, minor landslides in Logan Gulch 
Fig. 3.13) would seem to confirm this. Further, diverging lineaments appear to constitute 
arelease set of discontinuities. This slope constitutes a problem in distinguishing the 


difference between backward-tilted slide blocks and strike ridges. Just below the top of 
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Plate 3.6 Vertical jointing observed in the scarp of Enderby landslide at the North Block. 
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the slope, an embayment and a marked reverse slope downslope strongly suggest that 


limited movement has already taken place. 


3.3.6 Slides at Pemberton Hill and Laveau Creek 

The landslide complex, which is located on the south flank of Pemberton Hill 
(Fig. 3.15), was first noted by Fulton (1975). It was inspected briefly by the writer in 
1978. The movements have occurred in a slope approximately 300 m in height and the 
toe of the more mobile part of the landslide debris extends 3000 m downslope from the 
scarp. It is with respect to this run-out distance that the Pemberton Hill landslides are 
atypical of slides in the Kamloops Group. Further, according to Jones (1959) and Okulitch 
(1979), the landslide did not originate in the basal part of the Paleogene but within it. The 
scarp consists of nearly horizontal basalt flows, yet the debris appears to be highly 
fragmented. Further geological mapping might indicate the presence of weaker strata 
beneath the flow rocks in the scarp. Where topography limited the travel of the debris, 
blocks from the initial movement are preserved intact. The surface of the lower part of 
the landslide complex is hummocky with small lakes and seepage common over its surface 
(Fig. 3.16). Two zones are apparent in the debris. An upper zone which contains degraded 
blocks and the lower zone which contains the hummocky disintegrated flow material. 
Note in Figure 3.16 the central part of the complex does not have a flow zone downslope 
of the block zone. | 

A second landslide is found south of the South Thompson River on the eastern side 
of the Lois Creek Fault Zone at Laveau Creek (Fig. 3.15); this slide was first reported by 
Fulton (1975). The debris shows no transverse ridges or longitudinal features and has 
been eroded through by Laveau Creek. This has resulted in some re-activation of the slide 
blocks in the debris along the creek. The scarp is well marked. The debris is about 
2745 m in length and extends down from the scarp at 1400 m to about 520 m in Laveau 
Creek. The base of the Paleogene is at an approximate elevation of 1060-1130 m (based 
on Okulitch, 1979) and it was exposure of these weaker materials by headward erosion 


which probably led to the landslide. 
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Figure 3.15 Location map of the Pemberton Hill and Laveau Creek landslides. 
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—>=_\. LINEAMENTS AND TOPOGRAPHIC 
FEATURES IN LANDSLIDE DEPOSITS 


{LANOSLIDE DEBRIS 


Figure 3.16 Morphological map of Pemberton Hill landslide complex (based on B.C. Air 


Photograph Seo) S/—1.5)1). 
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3.3.7 Buse Hill 

The Buse Hill landslide complex (Fig. 3.17) was first identified by Fulton (1975). 
The site was visited in 1979 and a traverse made along the scarp. The geology of the site 
is not Known in detail but a series of lava flows and volcanic breccias appears to be 
interlayered with a considerable thickness of tuffaceous sediments and tuffs. The 
sediments include fine and coarse sandstone and shale, and the succession appears to 
. have a 5° southerly dip. Ewing (198 1a) has called these volcaniclastic sediments the Buse 
Hill Beds. Early observations were made by Daly (19.15) in the Buse Hill area and in his 
descriptions of the Tertiary rocks, which were characterised by "sudden changes of dip, 
caused by considerable faulting and sharp upturning” (p. 128). it is likely that he was 
referring to landslide—disturbed rocks. 

The Paleogene rocks rest on a surface of unknown configuration developed on 
Triassic Nicola Group limestones in which a quarry has been developed at the base of the 
landslide debris. This evidence suggests that the base of the Paleogene corresponds to 
the base of the slope. Exposures in the Paleogene are limited to the inaccessible scarps 
and overgrown landslide debris. However, basal tuffs and seciments are exposed along a 
road cut at the foot of the debris. The rocks consist of stratified siltstones and tuffs that 
have undergone considerable disturbance. They are cut by filled discontinuities between 
2mm and 50 mm in thickness which appear to be small normal faults (Plate 3.8). Another 
set of filled discontinuities is found parallel to, or at small angles to, the bedding plane 
traces in the material. These are much thicker, having a maximum width of about 250 mm. 
Both fillings are highly calcareous. In some places, steeply dipping calcite veins occur, 
exhibiting well-developed slickensides along their interfaces, parallel to the dip of the vein. 
In the Atterberg Limits test, these fillings were found to be non-plastic. Similar filled 
discontinuities associated with calcite veining were found in undisturbed tuffs north of 
Monte Lake and in the vicinity of the Jupiter Creek landslide in the Salmon Valley. 

The scarp of the complex is steep and breccia exposed near its top exhibits 
Persistent vertical jointing with apertures up to 1m. The surface of the debris is 
hummocky and is more subdued than most debris examined. There is an absence of 
well-defined blocks, probably due to the dominance of weaker material in the failed slope. 


The extent of the debris is difficult to define in places because of post-movement 
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Figure 3.17 Location of Buse Hill landslide complex. A = Exposure of sheared tuff 


Photographed in Plate 3.7. 
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Plate 3.7 Disturbed Paleogene tuffs at Buse Hill. Note small normal faults and filled 
discontinuities. The exposure, located in Fig. 3.17, is interpreted to be the shear zone of 


the Buse Hill landslide complex. 
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modification. 


3.3.8 Monte Lake - Ducks Meadow 

In the vicinity of Monte Lake, several landslides have been identified (Fig. 3.18). The 
block—type failure at Ducks Meadow was the only slide examined in the field. Sediments 
and tuffs, which are well exposed in road cuts along Highway 97, were also examined. 

The landslides were first identified on aerial photographs. In this phase of the 
study of the area, uncertainty was encountered in the interpretation of certain slopes along 
the main Monte Creek valley. These slopes gave the impression of having undergone 
limited movement. Whilst showing the trace of block outlines, a marked scarp and reverse 
slopes within the slopes, they lack the well-defined displaced mass, scarp and debris 
configuration typical of other landslides in Paleogene rocks of the area. It is suggested 
that these ill-defined zones represent areas of stress relief. One such area at Monte Lake 
is Outlined in Fig. 3.18 and was inspected at road level in the field. The exposed rock was 
a weathered tuff breccia with steeply dipping calcite veining. Slickensides were 
developed in pink—red clay along the interfaces. Whether these features were due to 
tectonic activity or to slope movements is not clear. 

| Structural lineaments identified on aerial photographs are shown in Fig. 3.18, and it 
is seen that they control the plan geometry of many of the landslides mapped. 

Traverses were made of the Ducks Meadow landslide which is characterised by 
well-defined headwall and north lateral scarps which appear to be controlled by two sets 
of discontinuities trending 298° and 017° respectively (Fig. 3.18). Movement was a result 
of the existence of these release sets and facilitated by the erosion of the spur which the 
landslide affects. The scarp consists of lava flows, which has resulted in the debris being 
made up. of well-defined blocks separated by steep—sided transverse depressions. Dips 
of flow units in the scarp were estimated to be in the order of 035°/14°. The direction of 
movement of the slide is also 035° and a translational movement down dip is strongly 
suggested. 

All of the landslides identified in this area are of the block—type variety. This 
reflects the dominance of flow rocks throughout the succession which has led to high cap 


mass-—cohesion and thus well-preserved blocks. 
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Figure 3.18 Landslides in the Monte Lake — Ducks Meadow Area (Based on B.C. aerial 


photograph BC 5377-049 exposed September 1, 1976). 
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3.3.9 Deadman River (Criss Creek to Gorge Creek) 

As can be seen in Figure 3.1, only scattered landslides occur in Paleogene rocks 
west of Kamloops. The exception is the high concentration of large slope movements 
along both sides of the Deadman River valley between Gorge Creek and Criss Creek 
(Plates 3.8 and 3.9) which was first reported by Fulton (1975). The valley is a steep-sided 
trench trending almost due north, which varies in depth from 300 m at Criss Creek to 
600 m at Gorge Creek. The stratigraphy and structure of this part of the valley are not 
completely known, largely because of the burial of exposures by landslide debris, 
disturbance of exposures by landslide processes and the inaccessibility of undisturbed 
exposures in the high vertical scarps formed by the slope movements. General 
observations on the geology of the Deadman Valley were reported by Dawson (1896) and 
Cockfield (1948) without mentioning the extensive degree of instability in the valley. The 
writer carried out geological reconnaissance in the valley in the summer of 1980 and data 
from a shallow diamond drill hole were provided by the British Columbia Ministry of 
Transportation and Communications. 

In analysing the stratigraphical factors which are important in slope movement in 
the Deadman Valley, several come to light. First, the nature and configuration of the 
surface developed in Triassic Nicola Group rocks on which the Paleogene rocks rest 
unconformably; second, the nature of the Paleogene succession itself; and third, the nature 
of the boundary between the Paleogene rocks and the Neogene succession which overlies 
it and forms the headwall scarps of the landslides on the north side of Gorge Creek and 
landslides on the eastern side of the valley. Because of the incomplete knowledge 
surrounding the complex geological framework in which these movements have taken 
place, the following is intended as a first approximation only to that framework. 

According to Dawson (1896) and Cockfield (1948), the Nicola Group rocks in the 
valley consist of limestones, altered chlorite—rich flow rocks (greenstones) and volcanic 
breccias. No data exist on their attitude in the valley, but the surface of the Nicola Group 
was examined in a road cut near Split Rock (at about 760 m elevation) and in the diamond 
drill-hole (at 562 m elevation). At both locations it consisted of heavily fractured 
greenstone fragments set in a creamy white to green fragmental plastic clay. Based on the 


two locations noted above and the character of the rocks along the river channel between 
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Plate 3.8 Aerial photograph of landslides in Paleogene rocks in the Deadman River valley 
between Criss Creek and Gorge Creek (BC air photograph 5742-049 exposed September 


1, 1976). A=recent scarp failure photographed in Plate 3.15. 


' ‘ os ‘ev =) 
a | 
iia | 7 
Ree 4 
] 
r ges 
— 
\ 
> 
Ww 
© 
4 
a) 
oA 
ar 
: - 
- 
? = 
ss } 
M 
vy 
1 , 
* =» 8 4 
iv a7 
f . 
a 4 7? 
3S: 
' 
= a3 
re wy 
: ey 
¢ 


i a Ae rn ji nee wor ay } a 
a % Lae nar, t tetng : ; “ay 


i 4 | 
i. ae See " eo Y ; 
PY 7 r 7 - 
ne he ee a : bit: aod 7 
J am t' ’ , boll : ; ; 7 ; tomes J : 
cf 7 : 


7 i Pints 

| eles seus tanioenc ait cas | 
a, vediniigee bercqre horns pte Ach 
her ah MARIE. 


ee ee mire 7 


1km 
ieee 


Plate 3.9 Aerial photograph of landslides in the vicinity of Gorge Creek, Deadman River 


valley (BC air photograph 5742-0116, exposed September 8, 1976). 
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them, a rough cross section may be drawn (Fig. 3.19). 

Thus the surface of the Nicola Group is irregular and appears to slope into the 
valley from both sides. The configuration of the surface may be due to pre—Paleogene 
topography or later faulting. 

The Paleogene succession in the Deadman is dominated by silicic volcaniclastic 
sediments, tuffs and breccias. Flow rocks were observed in the scarps but are 
subordinate in the succession as a whole. An estimated 640 m of Paleogene rocks are 
present in slopes on the west side of the valley, of which the upper 300 m are the buff to 
white, dominantly pyroclastic and volcaniclastic materials exposed in the high scarps 
between Silverspring Creek and Gorge Creek. All these rock types display prominent 
vertical jointing which is persistent across stratigraphical units (Plate 3.10). The rocks are 
susceptible to piping erosion and joint systems exposed on vertical faces are commonly 
enlarged by this process. Rocks exposed north of Criss Creek on the east side of the 
valley are unlike the rocks on the west side. No high scarps are formed and their colours, 
textures and weathering patterns are quite dissimilar (Plate 3.11). 

The basal part of the Paleogene was examined near Split Rock and in the vicinity of 
the diamond drill hole south of Slide 1. Near Split Rock, fossiliferous shales and 
tuffaceous sandstones were found at an elevation of about 762 m. On an apparently 
undisturbed slope in the vicinity of the drill hole, stratified black plastic shales and cloddy 
yellow smectite-rich clays were found 45 m above the Paleogene base. Both these units 
were observed to have pervasive slickensides throughout. The cloddy, unstratified yellow 
clay has formed from the alteration (or weathering) of pyroclastic rocks. Fossiliferous 
shales and pyroclastic rocks were encountered up to an elevation of 714 m where a 
spring issued from beneath a resistant flow unit. Thus on the basis of these observations, 
we may suggest that the basal 150 m of the Paleogene succession consists of black 
plastic shales and pyroclastic rocks which are susceptible to alteration to a cloddy clay. (It 
may be added that these rocks were not encountered in the drill hole). This alteration 
appears to be most marked and extensive in seepage areas. At the so-called Bat Clay 
exposures beneath the spring mentioned above, slopes could only be traversed with 
extreme difficulty due to their slippery nature (Plate 3.12). Where tuffaceous sediments 


Or pyroclastic rocks are exposed on slopes, a thin soil cover of clay develops and some 
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Figure 3.19 Approximate geological cross section from the Split Rock area to the Bat Clay 


exposures. 
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Plate 3.10 Pyroclastic/volcaniclastic rocks in typical cliff exposure on west side of 


Deadman Valley. Partly degraded block in landslide complex #4 visible in foreground. 
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Plate 3.12 Outcrop of weathered pyroclastic rocks at Bat Clay exposures approximately 


150 m above the base of the Tertiary. 
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of the erosional patterns are similar to those found in badlands. Above the regional 
groundwater table (or perched groundwater tables) the rocks do not appear to experience 
this loss in strength due to water—induced alteration as evidenced by the fact that they 
stand up in high vertical cliffs (Plate 3.10). The yellow smectite-rich clay (see Chapter 5) is 
a distinctive product of the breakdown of landslide debris on slopes on the west side of 
the valley, and is found in all the landslide debris on the west side of the valley. 

North of Gorge Creek the slopes are capped by Neogene plateau lavas which form 
the headwall scarp of landslides 8 and 9. Beneath the basalt cap, brown varved silts and 
yellow weathered breccias and tuffs were exposed. Some doubt appears to exist | 
concerning the precise age of these rocks. Field relations are confused due to slope 
movements. Mathews (1964) reports a K/Ar date from a "pink ash layer” at Gorge Creek 
as Neogene (10+2 Ma). 

On the east side of the valley, the succession is dominated by purple, red and 
brown coarse volcanic breccias and sedimentary interbeds. 

There are eleven major landslide complexes in Paleogene rocks in the Deadman 
Valley. Their morphology has been mapped from aerial photographs and is seen in 
Figure 3.20. Three distinctive groups are distinguished, being landslides 1-7 between 
Clemes Creek and Gorge Creek on the west side of the valley, 8-9 on the north side of 
Gorge Creek, and 10-11 on the east side of the Deadman River. 

According to Varnes (1978), landslides 1-7 are properly described as complex 
movements since the debris is the product both of multiple slope movement events and 
multiple modes of movement. Three major stages are envisaged for these movements, 
based upon an examination of the morphology of the complex. The initial stage is one of 
block failure whereby large blocks moved out from the slope. The plan geometry of 
these blocks is believed to be related to discontinuity patterns as discussed in detail below. 
These initial movements appear to be responsible for the high, steep headwall and lateral 
scarps. Due to the lack of a high-strength cap (e.g., flow rock) during this movement, the 
blocks partially disintegrate and continue to move downslope where the material comes to 
rest. Remnants of partially disintegrated blocks can be seen as high relief ridged areas of 
landslide debris which form a degraded block front in the landslide complexes (Plate 3.13). 


A second stage is marked by further degradation of the debris and involves further 
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Figure 3.20 Morphology of Landslide in the Deadman River Valley between Criss Creek and 
Gorge Creek (Based on interpretation of aerial photographs BC 5740-049 and 
5742-116). 
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Plate 3.13 View to the south of landslide on west side of Deadman River valley s 9 


example of degraded block front (A). 


88 


89 


breakdown of the initial debris. Largely through the alteration of pyroclastic material 
contained in the debris in contact with rainfall and seepage, the production of 
smectite—rich clays leads to localised reduction of shear strength and subsequent 
re-activation of debris by secondary flowage (Fig. 3.20). Flow movements exhibit 
longitudinal flow lines, marginal levees and lobe-like termini on many of the complexes 
(Plate 3.14). The head of these secondary flow failures appears to be related to a seepage 
zone within the debris at about 760 m, at the base of the degraded block front. Slope 
angles measured on these flows average 8°-9°. A third stage which is not necessarily 
pre—dated by the second stage involves localised headwall scarp failure, best classified as 
large rockfalls. A fresh example which is described below is noted at the north end of 
slide 2. A large rockfall-avalanche emanating directly from the scarp is thought to have 
taken place on complex 4. 

The recent scarp failure in complex 2 was examined in the field and traverses were 
made along and behind the scarp. The rock making up the scarp is a red-brown volcanic 
breccia with elongate slab—like masses of flow rock which lens out within the breccia. 
Closely spaced vertical joints are pervasive on the face which was estimated to be 106 m 
high. Apertures of up to 0.5 m were noted on the face (Plate 3.15) and there is an absence 
of horizontal discontinuities, although the breccia is crudely layered. As seen in Plate 3.15, 
the rockfall mass completely disintegrated upon failure, and no large blocks were 
preserved. The failure occurred at the head of marked, active flow, and appears to be a 
mechanism for its movement by loading the head of the flow. 

Behind the scarp on complex 2, a series of intersecting depressions was noted. 
Their pattern suggested the outline of blocks which have already undergone some 
movement (Fig. 3.20) and is probably determined by two sets of discontinuities similar to 
those thought to be responsible for scarp plan geometry as discussed below. 

Landslides north of Gorge Creek have not undergone the same sequence of 
movement processes, which reflects the different geology of the slope. Initial failure 
does not appear to have been of the block variety, but degradation of the debris is taking 
place. Failure on the east side of the valiey appears to be the product of a different 
sequence of processes while again being affected by multiple re-activation or secondary 


flow failures (Fig. 3.20). 
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Plate 3.14 Morphology of lobe-like terminus of secondary flow on landslide complex 1, 


west side of Deadman River valley. 
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The effects of stratigraphical and structural factors on the morphology and 
location of failures were examined with respect to the first group of slides, ie., 1-7. The 
trace of the Deadman Valley between its mouth and Gorge Creek is noticeably straight, 
suggesting some degree of structural control. The orientation of the trend of the valley, 
neglecting the action of slope movements in pushing the river to the east side of the 
valley, is about 350°. The geometry of the landslide scarps also reflects some degree of 
structural control since both headwall and north-—lateral scarps are staggered en eche/on 
from slide 1 through to slide 7 (Fig. 3.20). The orientations of the headwall scarps vary in 
a narrow range from 330° to 338°. Similariy the north lateral scarps are oriented between 
045° and 065° almost at right angles to the headwall scarps. This suggests an initial block 
movement in a north-easterly direction (i.e., between 045° and 065°), controlled by a 
regional set of discontinuities, along a basal shear surface. However, once free of the 
constraining effects of the block walls, or due to block disintegration, the material 
involved in the movement shifted in eps direction towards O90°. This indicates the 
effect of the configuration of the valley side slope beneath the failure plane, i.e., the role 
of the plane of separation (Varnes, 1978). 

The location and characteristics of the basal shear surface in the landslides is not 
known, since nowhere is it exposed. In the absence of a sub-surface investigation, 
however, it is possible to infer the location of the surface and to hypothesize on its nature. 

An effort was made to locate the foot line (Varnes, 1958) of the failures by a 
re-construction of pre-failure contours and by locating the point where debris emerges 
from the scar and turns. This exercise indicates that the initial basa! falure plane was 
located in the interval between the elevations of 600 mand 700 m. This interval is close 
to the elevation of the seepage line noted above and within 120 m of the estimated base 
of the Paleogene. Two hypotheses arise from these observations, regarding the nature of 
the basal shear zone: 

(a) That basal failure could have taken place in smectite-rich units within the basal 120 m of 
the sequence. This could have been produced by the alteration of pyroclastic material by 
reaction with groundwater within the slope to form a diagenetic assemblage zone (cf. 
Walton, 1975) independent of stratigraphy, or could have been localised within a 


stratigraphic interval. 
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(b) That basal failure could have taken place along the altered sub—Paleogene unconformity 
which may have daylighted above the valley floor but which is now covered by slide debris. 
However, since the estimate of the position of the sub—Paleogene unconformity 
puts it about 182 m below the inferred foot line, and very few fragments of Nicola Group 
rocks are found in debris, it is thought that hypothesis (a) is a more likely one, although 


neither is verifiable on the basis of present exposures. 


3.4 Detailed Description of Landslide Sites in Neogene Volcanic Successions 

Large landslides in the Neogene rocks of the Interior Plateau were examined at 
four localities. Reconnaissance work was conducted at Chasm Creek in 1979 and 1980. 
In 1980, sites in the Upper Deadman River, Leon Creek and the Chilcotin area were 


examined. These areas are located in Figures 3.1 and 3.2. 


3.4.1 Deadman River (Mowitch Lake - Vidette Lake 

The valley sides of the Deadman River between Mowitch Lake and Vidette Lake 
constitute a major, almost continuous, zone of landsliding. Weak volcaniclastic sediments 
of the Deadman River Formation underlying flow units of plateau basalt have been subject 
to failure, resulting in block—type failures. Landsliding has resulted in the formation of 
several landslide-dammed lakes (Plate 3.16). 

The sediments of the Deadman River Formation are buff to yellowish, occurring as 
a horizontally bedded series of tuffs, breccias, siltstones and pebbly sandstones and 
conglomerates which are generally poorly indurated. The depth of the valley varies 
between 245 m and 305 m and at the type section of the Deadman River Formation at 
Snohoosh Lake, described by Campbell and Tipper (197.1), there is at least 1 30 m 
exposed, although this section is in landslide debris. However, as Campbell and Tipper 
(1971) point out, the deposition of the formation took place on an irregular surface in 
which deep valleys were cut, and its thickness may vary from a few centimetres to 1 50m 
throughout the Bonaparte Lake area. Variation noted in the retrogressivity of the landslide 
complexes may reflect this variation in the thickness of the Deadman River Eormation. It is 
noted that landslides are absent in those parts of the valley where, according to Campbell 


and Tipper (197.1), the plateau lavas directly overlie the Nicola Group. This observation 
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te 3.16 Air photograph of 


andslides in Neogene rocks in the vicinity of Skookum Lake, 


Deadman River (BC Air Photograph BC 5187-004 exposed May 18, 1966). A=Deadman 
Lake, B=Skookum Lake 


wy 


hy in : i 
mA pipe 
ay n - , “ 
Mas 
e » oe 
Sy ae 
a (ines 
i ‘ no 
; m 
U4 i 
YW 
: af 
i J qs 
nl J 
al 
ae. 
1 
\ \ — 
~ fy 
Fy 
i 
ww 
1 
“f 
- 
é 
i> 
air 
? 
v 
2) 
’ 
‘ 
es £4 
. 
i 
) 
=i : 


i es 


ree _— 
Fim Bilt “Fede arog #8 


S}3) 


strongly suggests that the sub—Neogene unconformity is not the location of the basal 
failure zone. Re-activation has taken place at several locations in the debris, particularly 
downstream of the highest landslide dam at the outlet of Snohoosh Lake. 

Glacial meltwater may have contributed to the development of slope geometry in 


this straight, steep—sided valley. 


3.4.2 Chasm Creek 
| Three landslide compiexes of the block type were identified along Chasm Creek, 
southeast of Clinton (Fig. 3.1, Plate 3.17). The valley of Chasm Creek is a steep-walled 
notch—like valley cut into the Fraser Plateau and is about 290 m deep. Aspects of its 
geometry may be the result of the passage of glacial meltwater through the valley during 
deglaciation, but the very marked knick—point at the head of the Chasm also suggests that 
its origin may be simply related to headward erosion by Chasm Creek. 

The geological circumstances of these landslides are similar to those described 
above in the upper Deadman River wherein basalt flow units and interflow breccias overlie 
the relatively weak rock of the Deadman River Formation (Campbell and Tipper, 197.1) 

(Fig. 3.21). Dips measured along the rims of the valley indicate that the plateau lavas are 
not horizontal but dip at about 330°/3°. Exposures in the Deadman River were examined 
north of the junction between Chasm Creek and the Bonaparte River. A thick deposit of 
buff—coloured, weakly stratified breccia appears to underlie tuffs and volcaniclastic 
sediments. Campbell and Tipper (197.1) suggest that the breccia is a fan deposit, about 
90 m in thickness. Although the configuration and extent of the Deadman River sediments 
in the vicinity of Chasm Creek are uncertain, they do appear to underlie the landslide sites 
where the total thickness can only be estimated. 

The geometry of the landslide scarps (Fig. 3.22) appears to be controlled by closely 
spaced vertical cooling and stress relief joints. There is a marked lack of preferred 
Orientation in the few lineaments observed on aerial photographs. Thus there is an 
absence of control by major regional discontinuity patterns which was seen to be 
important in the Paleogene landslides. This arises from the fact that the Neogene 


successions are structurally undisturbed. 
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Plate 3.17 Air Photograph of landslides at Chasm Creek (BC air photograph BC 5255-183 
exposed July 10, 1967). A = Chasm East; B = Chasm West; C = Chasm North; D = Block 


Currently undergoing movement; E = Fraser Plateau surface. 
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Figure 3.21 Geological cross section of Chasm Creek landslides. Geology after Campbell 


and Tipper, 1971. Drawn with no vertical exaggeration. 
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Figure 3.22 Morphology of Chasm Creek landslides (Based on interpretation of B.C. air 


photograph BC 5255-183). 
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Each site of instability is the product of multiple failure events. This is best 
illustrated in the Chasm West complex where each block is well defined. The difference 
in the apparent freshness of the blocks gives the impression that the most recent block to 
move is at the north end of the complex. At the north end of Chasm East, block 
movement is currently taking place. Slight rotation is accompanying extension cracking, 
and trees on the rotated surface are tilted from the vertical (Plate 3.18). This movement is 
not taking place in response to basal erosion since Chasm Creek at this point is flowing 
underground; some other mechanism is thus responsible for movement. 

The blocks in the debris are well defined with some exhibiting a well-developed 
graben behind a debris crest ridge and steep fronted slope (Plates 3.19, 3.20). It is also 


noted that movement is taking place across the dip. 


3.4.3 Leon Creek 

The landslides on eastern slopes of the Camelsfoot Range (Plate 3.21) in the vicinity 
of Leon Creek were first reported by Ryder (1976). They occur in an outlier of Neogene 
rocks on the west side of the Fraser River at 820 m above sea level. They were inspected 
in the summer of 1980. 

The geology of the area has been described by Dawson (1896) and Trettin (1961). 
At the landslide sites, basalt flows of the plateau lavas are horizontal and overlie sediments. 
The basal Neogene unconformity of unknown configuration is developed in rocks of the 
Spencer Bridge Group, Cache Creek Group and Mt. Lytton Batholith (Fig. 3.22). 

Dawson (1896) described a soft yellowish pebbly sandstone which he found in 
"some places”. This led him to suggest that it was locally developed. Later, Trettin (1961) 
found poorly consolidated sediments in the same area and he included the yellowish 
sandstone, argillitic sandstone, arenites and conglomerates which contained shaley beds. 
Trettin reported them to be exposed at an elevation of 1070 mand suggested that less 
than 30 m of sediments are exposed. Excavations associated with logging road 
construction (Plate 3.22) have exposed sediments along the base of the landslide areas at 
an approximate elevation of 1070 m. An inspection of these exposures indicates that 
failure has taken place in the upper part of these sediments which are overlain by 


approximately 150 m of plateau lavas. Seepage was also noted at this horizon. 
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Plate 3.18 Evidence of movement on north block of Chasm East landslide. Note trees out 


of vertical and slight backward rotation on block surface. 


re. 


~~ 


Li eh 


Ase zan74 niga? -abreloas! 104 a neal is ae: 2 te * ety sone OLE ate u 


yuan sce 29 nad ie brane etect rela te sito te S 
i F o> ae 


A Ay 


* i => os . 
7) * " a ea) 4 i 
; ’ “i n 


104 


Plate 3.19 View north of Chasm East landslide. Note debris—crest ridge and graben behind 


it. NB = North block (see Fig. 3.22). Vertical jointing in plateau lava seen in foreground. 
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Plate 3.20 View to southwest of Chasm West landslide. Note block boundaries and ridges 


in debris. 
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Figure 3.23 Geological cross section of Leon Creek landslides. Geology after Trettin 


(196 1). 
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Drawn with no vertical exaggeration. 
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Plate 3.22 Basal shear zone of Leon Creek landslides exposed in logging road cut. Figure 
is standing at level of yellow tuffaceous sandstone. Note seepage from base of landslide 


debris. 
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The landslides exhibit intact blocks in some cases, but generally the blocks have 
broken up to form debris that resembles a boulder field in which boundaries between 
former slide blocks remain discernible. The scars of individual slides are arcuate in plan 
(Fig. 3.24). This may be due to very close joint spacing. Tension cracking behind existing 
scarps and along unfailed slopes suggests that failure is continuing, i.e., active block 


separation and supply is taking place at present. 


3.4.4 Landslides in the Chilcotin Area 

A reconnaissance study of slopes developed in Neogene rocks along the Chilcotin 
River was undertaken in the summer of 1980. Aerial photographs were examined 
covering a broad band between Puntzi Lake and Alkali Lake (Fig. 3.2). Landslide sites were 
identified and a number were inspected in the field. | 

Only very general bedrock geology maps exist of the Taseko Lakes and Quesnel 
map-sheets (Tipper, 1959, 1963), and no landslides are marked on the surficial geology 
maps (Tipper, 1971a, 197.1b). Heginbottom (1972) has, however, mapped landslides in 
Neogene rocks on the Taseko Lakes map-sheet. The stratigraphical framework of slopes 
in the area is similar to those in other areas examined in Neogene successions, viz. plateau 
lavas consisting of multiple basalt flow units overlying mechanically weaker sediments and 
pyroclastics. It is thought that the scattered distribution of failures evident in Figure 3.2 
reflects the local accumulation of these weaker strata beneath the lava cap. Aspects of 
the microstructure of the weaker strata, and shear zones developed in them are discussed 
in Chapter 5. 

The geomorphological conditions for failure, however, whilst being similar to other 
areas along narrow, steep-sided tributaries of the Chilcotin and the Fraser (at Big Creek, 
Doc English Gulch, Sword Creek and near Alkali Lake), appear different along the main 
valley of the Chilcotin River. These landslides have occurred in slopes that are not subject 
to basal erosion but are buttressed at their toes by benches of glacio—lacustrine deposits. 
At the Redstone landslide, for example, a shear zone was found exposed in a new road cut 
high above the valley floor and debris was found deposited on the surface of a 
glacio—lacustrine bench (Fig. 3.25). Heavy seepage in the road cut suggests that pore 


pressures were important in determining failure, and that basal erosion was not operative 
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Figure 3.24 Morphology of Leon Creek landslides (Based on interpretation of B.C. air 


photograph BC 5742-98). 
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as a contributing factor. A further example is the Anahim’s Flat landslide, a cross section 
of which is seen in Fig. 3.26. 

An alternative mechanism of movement could be that of local spreading in 
response to cap loading. An example of what is interpreted to be a partially developed 
spreading movement is seen opposite the Redstone landslide (Plate 3.23). Two linear, 
steep—sided depressions are seen, indicative of vertical and horizontal deformation, and 
toe bulging is evident. Lateral shear planes are absent, or at least are not obvious on the 
aerial photograph. 

The morphology of most of the landslides indicates that they are 
block-complexes. In most cases slide blocks are preserved in interlocking ridges, but in 
other cases the cap has disintegrated to give a deposit similar in morphology to that of 
block fields. Because of the disintegrated cap, some features are difficult to identify with 
certainty on aerial photographs, as discussed at the beginning of this chapter. Secondary 
failures do not seem to be important. Transverse ridges are common in both types of 
block failures. The absence of structural control is again made evident by the presence of 


arcuate scars and the absence of lineaments behind the scarps. 


3.5 Relationships between Geological Factors and Regional Patterns of Landslide 


Occurrence 


3.5.1 Geomorphological Factors 

The majority of landslides examined, both in the Paleogene and Neogene 
successions, occur on slopes which have been oversteepened by river erosion (meander 
belt and/or knick—point migration) or by the action of glacial meltwater. The precise role 
of glacial meltwater in modifying slope geometry during de-glaciation is complex and 
unknown in detail. It is sufficient to note that most valleys in the Interior Plateau have, at 
some time during the complex events associated with de-glaciation, acted as conduits for 
glacial meltwater, so the association may be spurious. The erosion has also.resulted in the 
exposure of mechanically weak pyroclastic and volcaniclastic rocks at the base of slopes 


where they are present. 
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Figure 3.26 Cross section of Anahim’s Flat landslide. Drawn with no vertical exaggeration. 
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Plate 3.23 Air Photograph of Redstone area, Chilcotin River valley. Note Redstone 


landslide (A) and spreading movement (B). Other landslides are also marked. (Canada Air 


Photograph A224 15-158). 
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The location of the basal rupture surface, however, does not always seem to 
coincide with the slope toe, i.e., the point of erosion or maximum oversteepening, even 
along valleys identified as oversteepened meltwater channeis. This was apparent at 
Enderby, Deadman River (Criss Creek to Gorge Creek) and in Neogene rocks along the 
Chilcotin River. In other cases oversteepening does not seem to have been important at 
any time in slope development (e.g., Buse Hill and Pemberton Hill). In these circumstances a 
delay between the formation of the slope and movement is inferred, and slope geometry 
modification may not be considered a factor in landslide occurrence. 

The location of the basal rupture surface in relation to the slope toe may also be 
important in determining the extent of fragmentation experienced by the moving mass. On 
steep slopes where the basal failure zone is located some way up the slope, the initial 
“block movement moves out and then down, fragmenting in its travel along the plane of 
Separation (cf. Harp et a/., 1981). This factor must therefore be considered in addition to 

stratigraphy and lithology when considering cap behaviour. 

The preservation of well-defined blocks in the landslide may also result from 
topographic constraints on the distance moved by the failing mass. For example, 
landslides along narrow valleys (e.g., Gorge Creek) show well-defined blocks because 
travel is impeded by the opposite valley side. In a wider valley (e.g., Pemberton Hill), travel 


distance is unlimited and thus fragmentation takes place. 


3.5.2 Stratigraphical Factors 

Not all slopes of similar geometry have been subject to movement. Landslides are 
found to be localised where mechanically weak layers underlie a competent cap. In all of 
the landslides examined, in both the Paleogene and Neogene successions, with the 
exception of the Pemberton Hill complex, the basal part of the rupture zone is located in 
the sedimentary—pyroclastic assemblage in basal parts of the volcanic succession at a 
given site. This is based on field examination and the inspection of available geological 
maps. In certain cases (e.g., Deadman River) a possibility exists that the basal rupture zone 
was located in the weathered or altered sub—Tertiary surface. However, the surface was 
only observed in a heavily altered state at one location, and in slopes in which lava flows 


overlie pre—Tertiary rocks directly, i.e., where the basal sedimentary assemblage is absent, 
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large landslides do not occur. Landslide shear zones in basal sedimentary—pyroclastic 
assemblages were noted in the Salmon River (described in detail in the next chapter), Buse 
Hill, Deadman River, Ducks Meadow, Redstone and Bull Canyon. 

Where the basal sedimentary—pyroclastic assemblage is not exposed in high steep 
slopes, landslides are absent. 

Stratigraphical factors are also important in determining the type of landslide 
occurring at a given site. Complexity in the range of movement events and types appears 
to be a function of the extent to which the initial failure volume is made up of easily 
weathered material. For example, slopes involving block movements are made up of 
dominantly lava flow units with a relatively small thickness of weaker material at its base. 
This is contrasted with the multiplicity of events which have resulted in a degrading block 
failure complex where the original slope was mainly made up of volcaniclastic and/or 


sedimentary material (e.g., Deadman River). 


3.5.3 Structural Factors 

As noted in Chapter 2, the Paleogene rocks of south central British Columbia have 
been extensively faulted and slightly folded, whilst the Neogene rocks have been subject 
to mild warping only and the effect of regional tectonic processes is absent, at least in the 
study area. | 

The effect of structural factors is seen with respect to: 
(a) Scarp P/an Geometry 
Structural control on the plan geometry of scarps in Paleogene rocks was well illustrated 
at anumber of landslide sites (e.g., Ducks Meadow, Deadman River and Enderby) where the 
scarp consists of several linear segments giving rise to a marked headwall and lateral 
scarps. Based on the interpretation of lineaments on aerial photographs, this was thought 
to be aresult of the existence of persistent systematic discontinuities which may be faults 
or steeply dipping joint sets that parallel them. In contrast, the plan geometry of Neogene 
scarps is curved with intersecting linear segments absent. At Leon Creek (Plate 3.2.1), for 
example, extension fractures above the existing scarp are markedly curved, indicating the 
absence of persistent systematic discontinuity patterns. This inferred structural 


homogeneity possibly reflects the random disposition of cooling joints. 
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(b) B/ock Shape and Size 

The existence of regional discontinuity systems arising from tectonic processes in the 
Paleogene succession gives rise to well-defined large blocks being involved in initial 
movements. In the Neogene the average block size is very much smaller, and they are 
more irregular in shape because of the dominance of impersistent, non—systematic cooling 
joints. 

(c) Direction of /nitial Movement 

In the absence of regional discontinuity patterns in the Neogene successions, there is no 
control on the initial movement direction apart from the slope of the failing slope. 
However, in Paleogene rocks the orientation of release sets of discontinuities determines 
the direction of initial movement of landslide blocks. When the blocks begin to move, they 
are initially contained by the discontinuity sets which correspond to the lateral scarps. 

(d) Fau/ting Effects in Localising Fai/ures 

In the faulted Paleogene succession, failures end abruptly against faults because of the 
faulting out of the weak materials at the base of the slope. In addition some Paleogene 
landslides are contiguous block movements because of the effect of faulting in repeating 
the weak layer at the base of a slope. Neogene landslides are determined only by the 
geometry and extent of the basal assemblage. 

(e) Presence of Tectonic Shears 

As discussed in Chapter 4, some weak layers have been further weakened by shear zones 
developed as a result of tectonic processes. Although tectonic shear zones are not 
expected to be found in Neogene rocks similar structures due to stress—relief may be 


present. 


3.5.4 Groundwater and Seismicity 

(a) Groundwater: 
The role of groundwater in the occurrence of landslides in the volcanic successions 
studied cannot be accurately estimated. This is primarily because the present climatic and 
hydrologic regimes in the area may not reflect those extant at the time of slope movement. 
The climate of the study areas is dry to semi-arid due to their location in the rain—shadow 


of the Coast Ranges. Climatic data are given in Table 3.2. 
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Seepage horizons appear to correspond to the footline of some landslides (e.g., 
Deadman River) and seem to be important in determining the location of some secondary 
flows (e.g., Bouleau Lake). Further, the role of groundwater systems in developing water 
pressures and contributing to the formation of diagenetic assemblage zones in the slopes 
studied has not been evaluated. 

(o) Se/smicity: 

Seismic triggers have been important in causing large slope movements in the 
North American Cordillera (e.g., Hadley, 1978; Mathews and McTaggart, 1978; Mathews, 
1979) and seismic forces are also important in causing accelerated pre-landslide 
movements In a slope. 

Data on earthquakes that were felt in the study areas (i.e., with a Mercalli intensity > 
ll) between 1899 and 1977 inclusive, were provided by the Earth Physics Branch, Energy, 
Mines and Resources Canada. During this period, 1841 earthquakes were recorded for 
the Cordilleran region of which 86 could have been felt in the Thompson study area and 
9.1 in the Chilcotin. Epicentres for these events are seen in Fig. 3.28. 

In the Thompson study area the maximum acceleration experienced during the 79 
years of record is 0.01 g (Maximum Mercalli Intensity = V). Calculations of the return 
period of various accelerations are given in Table 3.3. A 0.03 g acceleration may be 
expected to act on slopes in the region with a 200 year return interval. 

In the same period the Chilcotin study area experienced a maximum acceleration of 
0.02 g (Maximum Mercalli Intensity = V) and a 0.04 g acceleration may be expected to act 
on the slopes of the region with a 200 year return interval (Table 3.3). 

The effect of seismic processes on slope stability is complex. There is no simple 
correlation between slope movements and epicentral distance (Mathews, 1979), between 
earthquake magnitude and magnitude of slope movement (Mathews and McTaggart, 1978) 
or between Intensity and the occurrence of slope movement (Harp et a/., 198.1). 
However, the present seismicity of the study areas is characterised by low accelerations 
which emanate from three sources: high magnitude events along the Pacific margin, 
intermediate magnitude events along the British Columbia coast and low magnitude events 


in close proximity to the study areas themselves. 
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Figure 3.27 Location of epicentres of earthquake events that were felt (i.e., Mercalli 
Intensity > Il) in the study area between 1899 and 1977 inclusive. Data supplied by Earth 


Physics Branch, Energy, Mines and Resources Canada. 
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Three epicentres are located within the Thompson study area and are associated 
with low magnitude events (M varies between 3.20 and 4.50) in the vicinity of the Louis 
Creek Fault zone, south of Kamloops Lake. Maximum accelerations were in the order of 
0.01 g and Intensity varied between IV and V. These events, however, are not known to 


be correlated with any slope movements. 
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4. LANDSLIDES IN THE PALEOQGENE ROCKS OF THE SALMON VALLEY 


4.1 Introduction 

Five large landslides have occurred in Paleogene rocks along a 9 km length of the 
Upper Salmon Valley, approximately 32 km south-east of Kamloops (Fig. 3.1). The area 
was selected for detailed investigations since several conditions exist in the valley which 
were thought to be conducive to a detailed evaluation of the role of geological factors in 
controlling slope movements in Paleogene rocks. These conditions were; 

a. good accessibility to landslide debris and unfailed slopes by public roads, 
private access roads and trails. 

b. the open nature of the forest stands that cover the slopes of the valley. 

er good bedrock exposures. 

d. the existence of several well-defined landslides in a small area. 

Four of the five landslides (Plate 4.1) were selected for detailed study which had 
the following objectives: 

a. to determine the nature and characteristics of the Paleogene succession within 
an area of approximately 28 km? with emphasis on the location and 
characteristics of mechanically weak layers (including the sub—Paleogene 
surface). 

b. to determine the structure and attitude of Paleogene rocks in the area with 
emphasis on those features unfavourable for slope stability. 

C. to determine the morphology, kinematics and movement history of each 
landslide. 

d. to determine the relationship between stratigraphical and structural factors and 
slope movement. 

The main field work was carried out in the summer of 1979 and consisted of 
traverses through landslide debris and around landslide scarps. Ground control was 
effected using enlargements of aerial photographs and an altimeter. Altimeter readings 
were corrected using atmospheric pressure readings from a barograph (loaned by the 
British Columbia Ministry of Agriculture — Kamloops) located in a shed on the Kjellstrup 


Farm (Plate 4.1). The field work concentrated on the Jupiter Creek and Shell Creek 
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KEY :A=STEPHEN' LAKE ROAD LANDSLIDE, B=ADELPHI CREEK LANDSLIDE 
C=JUPITER CREEK LANDSLIDE, D=SHELL CREEK LANDSLIDE, E=WOODS 
LAKE ROAD LANDSLIDE, F=WOODS LAKE, G=JIMMY LAKE. 


Plate 4.1 Air Photograph of Salmon Valley landslides (B.C. Air Photograph BC 5377-033). 


ies 


aw ; y Ne 
ic aes 
sh Oi. 4) 


tho oy : A 


Be 
© 2 
= 
4 
ey ; 
a ‘ 7 5 > 
i he : oat t 
. ee ~~ 
AD oy Pears Aa ae Tos oil! 
Pye hee | 
‘ va a 
rs Abe 7 oo 
uy A af 
oe 


50§ 1200 L yaad Bee 
hed Te TEMS 


Pi of |) 1 AP: 
RRa- Stee Agergorars 4A Pe 
\ fea Fae - 


ae 


cn 
Hie 
ays) 


Ay " 


2 


landslides which were traversed several times in the summer of 1979. 


4.2 Previous Geological Observations 

The geology of the Upper Salmon Valley within the area studied has been examined 
by several workers since Dawson (1879) noted the narrow, steep-sided nature of the 
valley which was "bounded occasionally by high cliffs formed by volcanic breccias” (p. 62). 
He described basaltic flow units with zeolite amygdales and "interbedded grey ash or 
mudrock units” (p. 128), noting that the Tertiary rocks rest unconformably on schistose 
rocks. Dawson made no mention of landslides. 

Jones (1959) first mapped the area as part of the Vernon sheet at a scale of 
1: 253,440. Jones’ main concern in the valley, shared by subsequent workers, was the 
so-called Salmon River unconformity which exists in the vicinity of the power line 
crossing 2.75 km south-west of Twig Creek, between the Palaeozoic Chapperon Group 
and the Triassic Nicola Group. Investigations of the unconformity are summarised by Read 
and Okulitch (1977). Okulitch (1979) updated Jones’ map with additional detail in the 
Salmon Valley at a scale of 1: 250,000 (Fig. 4.1) There is therefore a lack of detailed work 
on Tertiary rocks within the area studied. 


First note of the landslides in the Salmon Valley was made by Eulton (1975). 


4.3 Field Characterisation of Rock Masses 

The field characterisation of the rock masses making up the slopes of the Salmon 
Valley involved an evaluation of the mechanical properties of intact rock and an analysis of 
the discontiniuities which occurred within them. 

In order to quantify the mechanical properties of intact rock in field exposures, the 
classification scheme outlined by Hoek and Bray (1977, p. 99) and ISRM (1978, p.348) was 
used. The classification is based on the response of the rock to hammer blows and 
scratching with a knife blade, in the so-called Manual Index Test. This response is 
correlated with an approximate range of uniaxial compressive strength (q, ). 

In addition, the Schmidt Rebound Hammer (Type L) was used to obtain estimates of 


q,. as described by Barton and Choubey (1977) and ISRM (1978). 
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LANDSLIDES ARE $ 1-STEPHEN'S LAKE ROAD, 
2-ADELPHI CREEK , 3-JUPITER CREEK , 
4-SHELL CREEK. 


W: WESTWOLD F: FALKLAND 


LOCATION MAP 


Figure 4.1 Geological setting of the Salmon Valley landslides (modified after Okulitch, 


1979): 
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Discontinuities were described and measured using terms and methods suggested 
by ISRM (1978). The orientations of discontinuities at each location are represented on 
the lower hemisphere of a Schmidt Equal Area Net. Pole densities, expressed as a 
percentage of n points in 1% of the area of the hemisphere, were computed using a 
program supplied by Professor H.AK. Charlesworth. The pole densities were contoured 


by hand. 
4.4 The Materials and Characteristics of the Basal Paleogene Surface 


4.4.1 Materials 

Since the nature of the basal Paleogene surface may be important as a factor in 
slope movements in the study area, materials making up this surface were examined. They 
include: 

(a) Chapperon Group: 

The rocks of the Chapperon Group are of Palaeozoic age (Mississippian or older) 
and consist mainly of chloritic phyllites and schists. They are exposed at several locations 
in the Salmon Valley (Fig 4.2). The Chapperon Group has been affected by two phases of 
metamorphism and the schist and phyllites have well— marked, steeply dipping foliation 
cleavage, as described by Read and Okulitch (1977). 

At exposures of the Chapperon Schist near Adelphi Creek and Twig Creek (Fig 
4.2), Schmidt Hammer Rebound numbers (R) had mean values of 47.0 and 51.2 
respectively. Assuming a rock density of 27 KPa, these values correspond to a value of q, 

of about 150 MPa (Deere and Miller, 1966). According to the Qualitative Rock 
Description (Hoek and Bray, 1977), the Chapperon Schist is Strong Rock (R4). 

Discontinuity measurements were made at the two locations noted in Fig 4.2. Joint 
and cleavage surfaces were clean except for the occasional unweathered mineralised 
shear. No foliation shears were found. At the Adelphi Creek exposure, pole 
concentrations representing planes dipping 060/70 and 250/60 were observed (Fig. 4.2). 
In the exposure near Twig Creek, a small sample size restricts the interpretation of the 
discontinuity data but suggests a discontinuity set dipping 170/80. 

(b) Va/ha//a Granite: 
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Figure 4.2 Exposures of Pre-Tertiary rocks in the vicinity of the Salmon River landslides. 


Schmidt nets (lower hemisphere) show pole concentrations of discontinuities. 


es 


a = M BCRP ; 
A i ee oe { pad us 


es, Ae 


ar 
1 } >» 
sar iepnl TENE Marra i *s .owlow ey “1 BAe pare 2 to wend Sheuget 
EeteseI9CIr, 1b EQUI AOD cod ye eT wand eter: Halevto®: 
Re 


’ . 
. = t 7 
a A ry 
' a 7 


eo ; al 7 ae | es 


125 


This is of Jurassic-Cretaceous age and part of the large granite plutons which surround 
the Salmon River area. It is exposed near the Woods Lake Road just north of Dry Creek 
(Fig. 4.3.) An exposure of Valhalla Granite was reported by Okulitch (1979) between Twig 
Creek and Shell Creek but this could not be located in the field. 

(c) Vico/a Group: 

These Triassic rocks, consisting of conglomerate overlain by argillite, tuff, feldspathic 

_ greywacke and sandstone, is separated from the Chapperon Group by the Salmon River 
unconformity. It has been affected by one phase of metamorphism and dips generally 
between 20° and 40° to the northwest in the vicinity of its only known exposure in the 


study area, at the unconformity. 


4.4.2 Characteristics of the sub~-Paleogene Surface 

Since borehole information is absent in the study area, the configuration of the 
sub—Paleogene surface throughout the immediate area of the landslides remains unknown. 
However, its location has been established at the surface at several places. Near the 
mouth of Adelphi Creek, it is located at an elevation of 700 m, 46 m above the valley floor. 
Along the Woods Lake Road, however, 600 m to the northeast, the elevation of the 
surface is at 1016 m. Detailed mapping (Fig. 4.3) indicates that this configuration is due to 
normal faulting along the Woods Lake Fault. 

East of Adelphi Creek the Chapperon Schist was found to be altered in the vicinity 
of the Valhalla Granite exposure near Dry Creek. It is probable that the schist is similarly 
affected wherever it is in contact with the Valhalla Pluton. 

The actual contact is exposed only at Twig Creek at an elevation of 775 m, ina 
steep notch eroded by the creek. The Chapperon schist is overlain directly by basal 
Tertiary volcaniclastic rocks. The contact forms a brecciated zone about 2 m in thickness 
and consists of a green micaceous shear matrix enclosing slickensided, rounded, schist 
fragments (Plate 4.2). Slickensided shear surfaces are present throughout the shear 
matrix and it appears that movement has been toward the south. The shear breccia is not 
weathered or altered and appears to be of high shear strength in its present condition. No 
soft gouge-like seams were observed. Since only a very small exposure of the contact 


exists, it is not known how extensive this phenomenon at the contact may be. It appears 
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Figure 4.3 Geological map of the eastern margin of Adelphi Creek Landslide. Adelphi 


Creek is located in Fig. 4.5. 
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Plate 4.2 Shear breccia in Chapperon Schist at Tertiary unconformity, Twig Creek. 


A=Chapperon Schist, B=Paleogene Twig Creek Tuff. 
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unrelated to any present landsliding and the attitude of the overlying Tertiary rocks 
suggests one of three origins: 

a. localised penecontemporaneous landsliding during accumulation of Tertiary 
volcaniclastic rocks, known to be a common process in the filling of Tertiary 
basins in the Thompson Plateau (cf. Chapter 2); 

b. local low-angle normal faulting; 

a part of a decollement surface associated with a metamorphic core complex 
such as that described by Davis et a/. (1980) in south-east California and 
western Arizona, and by Read (1980) in the Frenchman's Cap area. 

It may be noted that the Twig Creek Shear Zone is one of several low-angle 
structural features observed in the basal 195m of the Tertiary rocks in the study area, 
which are discussed in detail below. 

Within the immediate area of the landslides no pre-Tertiary rocks have been 
located, with the exception of the exposure at the foot of the Adelphi Creek landslide (Fig. 
4.3) 


4.5 The Paleogene Succession 

An initial step in evaluating the relationship between geological factors and slope 
movement was to establish a stratigraphical sequence in the study area. The Paleogene 
succession is a complex series of interbedded lava flows with associated flow top 
breccias, massively bedded volcanic breccias of various origins, pyroclastic rocks and 
tuffaceous sediments. 

A composite succession was established from scattered exposures. Whilst good 
exposures occur in steep wall-like slopes at Adelphi Creek Bluffs (Plate 4.3) and in the 
scarps of landslides, these are inaccessible. Other slopes contain good exposures of lava 
flows and breccias but many covered intervals are present particularly in the lower part of 
the succession. Thus only a composite, generalised succession was established. 

550 m of the succession is exposed at Adelphi Creek Bluffs. This was mapped by 
plane table and telescopic alidade from a station on the opposite side of the valley ina 
manner similar to that described by Compton (1962, p. 172). The method was considered 


accurate for the purpose of establishing a general succession, although descriptions of 
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Plate 4.3 View to the east toward Adelphi Creek landslide (A) and Adelphi Creek Bluffs (B). 
Note slopes between Adelphi Creek Bluffs and Cain Creek (C) are not affected to slope 


movement. 
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the individual units were limited to gross lithology and colour. 

Data on rock mass properties were obtained by traverses of slopes containing 
rocks at various levels in the succession. 

On this basis a fourfold subdivision of the succession was possible (Fig. 4.4), 
consisting of the Basal Beds, Brown Beds, Red Beds and Salmon Beads. 

The Basal Beds constitute the lower 195 m of the succession. They exhibit wide 
lithological variation within the study area. At the base of the Basal Beds, there occurs a 
series of interbedded fragmental volcaniclastic rocks collectively termed the Twig Creek 
Tuff (Plate 4.4). They overly the shear breccia described above and contain angular clasts 
of the Chapperon Schist. Similar materials outcrop in a limited exposure between Adelphi 
Creek and Dry Creek and are found in the rupture zone of the Adelphi Creek landslide 
described below (Plate 4.23). These are overlain by a series cf basalt flows interlayered 
with grey andesitic lavas, which are in turn overlain by basaltic flows interlayered with 
volcanic breccias. Above these beds is a brown tuff- tuff breccia termed the Salmon 
River Tuff (Plate 4.5), which appears to be limited in distribution and variable in thickness. 
It is exposed in the area of Shell Creek, and at the base of the Shell Creek and Jupiter 
Creek landslides. This unit was not found exposed west or east of Shell Creek but may be 
concealed beneath covered intervals. The Salmon River Tuff is underlain by a brick red 
tuff (the Red Tuff) which is up to 3m. thick. The distribution of Paleogene volcaniclastics 
in the Salmon Valley is given in relationship to the landslides in Fig. 4.5. 

Whole-rock K-Ar dating was carried out by the British Columbia Ministry of Mines 
and Petroleum Resources on two basalt flows. The basalt above the Twig Creek Tuff (the 
Basal Basalt) gave an age of 49.3+1.7 Ma, while a basalt just below the tuff breccia at a 
road cut at the margin of Jupiter Creek landslide gave an age of 48.6+1.7 Ma (Fig 4.4). 

As seen in Plates 4.4 and 4.5, the Twig Creek and Salmon River Tuffs have 
undergone a form of alteration similar to spheroidal weathering. The rocks are crumbly in 
exposure and are generally brown in colour. Fresh unweathered tuff is generally blue. 
Fresh unweathered tuff 4 m above the Chapperon schist at Twig Creek gave a mean 
Schmidt Hammer Rebound number of 27.4 and rated R2 in rock quality The Rebound 
number suggests a value of g, = 22 Mpa for the intact Twig Creek Tuff. According to 


Hoek and Bray (1977), it is classified as very weak rock. Generally, exposures were too 


niches ig (cone poy ot em ie ue 


est 


orvirnetencs exile has Heat yeh Berne saw pathogen asunder a ee 
me Lk | ‘pombanca 5th sev auc a 2 

rh ahaa erie ee ac a patinaineoatianhe eiieiiphorabuedy 
nope ene 088 sus saa mot 3 | ons 

a VCD SRS AE hen aR ewe w% resent nl 

j asd ort 1s Sak ae TR ABM joe sh unter cetieiver 3 
gost, yeu SAUOly aces ( pifeadenehast! oM sremgest babbad ei, ‘ 
igty 1s notiy ees pines warie ot) yewe yortt sh J f° 
i dibecidh aanin sie viabenam Yes Deihge ONe os 
Adiae a ehh te 4 ett cugrive tw as ti 
hisdnt'*r 24yiez : ‘tena ama Sap S&S: rm eset wares 

jt reer sug Ca ee OI wees | ourtey abel viene Y a 

p SOM eT AL at utrry Awe t oem, seals wok | er 

rie Pha: | ASUS NSH wns $0, ay eta: reve fa biden: 

ithe Ee bhatt ihe Spit to 3MHe Gl FS tie aengrene aes att nit 


92) etic 10:7e8e 2 De aA un? rk tae ae ant 


og 8 


fripisaan bey RV : Ton be einys a cates 3 inared . 
son bea o oe p asipanihts yAt 4 HAT re ids ges ieirhie (HUT that 
Ah 5, aaa wt ete AP Sse» wot - 2 ; 
nguaite th A Ja0y- elo Cam 
JoTD BUST Brfavors reine srt oz tdi po aso woesh musloy 
et Wicltd 124) fée2ed sae aa cae idle ne oveg trleaae 
aye Pea Fe MSS Ne aVER 3 ‘bag ga’ AAR Yavin art 16 at 
at oP Waa ane ae | wham Fd Sits ann vw eae BA 
idea em suee aA? . ge\iery 4 arte ar nBlitese neue isa Ie enon 6 ance aires 
aud vilcinctpe. 4) Pinata *erties eo autos Wn vote Viieintiag ot bhp oWROgKE | 
| a1bag ) Ak agar all ad bevertseawrw ree | 


ivednUiCO tinier ve ae Haare 


ae 


ath & BVAR Wel 
ie iaeerentt WEED 257 °F ceet are. ee Te “enientaen amet raining 
ws wand «Sail aeey- inet O29 ‘o ia en Sages RRO QQME Nella, 
ioe bp LAee V1 4, th Loa ee cen VA8SV 26 & 208 Fa} ee =) poses soci 


her 


132 


Composite Stratigraphical Section of Kamloops Group 
Volcanic Rocks in the Salmon River Valley, S.W. of Westwold 


900 
Thick, massive breccia beds with occasional lava flows 


and minor interbeds of tuffaceous material. Vertical joints 
marked in places form steep upper scarps of Adelphi 

Creek and Sheil Creek Slides. Dykes noted in Adelphi 
Creek bluff rocks are salmon-pink in color. 


SALMON BEDS 


200 Upper red beds; thick massive breccia beds with some 


lava flows, - brown-red in color. 


Lower red beds; lava flows with minor breccia interbeds 
brown- red in color. 

Thick tuffaceous sediments occur at base in places, 
pink-yellow in color. 


RED BEDS 


Dominantly massive brown breccia beds with occasional 
lava flows and minor tuffaceous sediments and arkosic 
sandstones. 


300 


metres above top of pre-Tertiary rocks 


Andesitic and basaltic lava flows with 
occasional breccias. 


BASAL BEDS fee BEDS 


UE 


*NOTE: LOCATION OF K-Ar DATES ARE AT A (49.3 + 1.7 Ma) and. 
B (48.6 + 1.7 Ma). 


TC = TWIG CREEK TUFF SRT = SALMON RIVER TUFF 


Figure 4.4 Composite stratigraphical section of Paleogene rocks (Kamloops Group) in the 


Salmon Valley, south-west of Westwold. 


ore 


oe a igre ee de ABE a Savina? aval vcs hewn? 


ort iqaer angen t daa>: snapoae Te niga Ish" ewe arog anaes WY 


; "y 4 i vy , My tf . - a ye “v" ep 
= ) re Piry, i > a 


i ‘ss, . Rel fy oe 

~ a 7 tt is ' ' 7 

: yy » OF) ; 

re, re ey / 7 14 " at <iphabi of hee 


Diallo 


a Ai , : 


en mie ee sneer 


host Se Bi 


ew, i 


j 
doa ei en 4 Ca De i uy: ined cot ‘taal sale, ayirt ¢ ii ; 


v 


aren | 1 i ob haber ae ag fb Vo'opee epee aire 
cepart fy Xia peak? Nett Se ong! wane bp 


5 


wns 
es 
al ae Wd tae 7 
) 


LOA ER qeunentileminty . oxienemern se mnereig (etintadeniFeaap- oe 
write Ving dass micumtel lenges ame | eae Beredeay 
Ray) ce) cieeaheete Loni wee: 


= deus abe, oe oe sar pe 
Ley en. DESORL. yore Ae or 


ge 79 Std (eee enantio 


nena co Maw zed oo ree 
wiasio <r erie te cen ol 


vot ry "ie 
oan ed  mmmemien. he 
j i A 
* y hans 


= 
PRT kom pe) Eee othe Scale 


el ee we aa 
‘- 
sy 
(t i { 
. , bead ‘= My oe ~ 
ee en i iA @ 


SHUT. SHVER HOMIAS = het J 2st 93990 : STMT tit: —s 


ee ace iyo, orale 


: * 
i } bg 


oi 
a . i 
' : ¢. 


Is 


Plate 4.4 Typical exposure of Twig Creek Tuff at Twig Creek. Note spheroidal—type 


weathering or alteration. 
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k 

Plate 4.5 Salmon River Tuff-Tuff Breccia exposed at the west margin of the Jupiter Cree 
Itic 

landslide. Note filled discontinuities, spheroidal—type alteration or weathering and basa 


blocks (B). 
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soft for the Schmidt Hammer to rebound. No Rebound Numbers were obtained for the 
Salmon River Tuff because of this factor which suggests values of q, less than 15.0 MPa. 

Basalts and breccias within the Basal Beds are resistant materials and commonly 
form prominent topographic features. Rebound numbers for basalt vary from 33.6 for 
highly amygdaloidal basalt to 51.2 for hard vesicular basalt. Rebound numbers of between 
26 and 30 were obtained for volcanic breccias. These rebound numbers indicate values 
of q, equal to 35 MPa (Moderately Weak Rock) for the breccias and > 100 MPa for the 
basalts (Strong Rock) 

The overlying Brown, Red and Salmon Beds are a series of flows and volcanic 
breccias and do not contain mechanically weak rock except for a thin tuffaceous unit at 
the top of Brown Beds (Fig. 4.4) 

In summary, therefore, the Paleogene succession in the Salmon River Valley is 
characterised by a compiex series of interlayered lava flows and volcanic breccias and the 


occurrence of two mechanically weak volcaniclastic zones within 120 m of its base. 
4.6 Structure of the Paleogene Rock Mass 


4.6.1 Lineaments and Faults 

Persistent sub—parallel linear features are very marked on aerial photographs of 
the study area (Plate 4.1). These are interpreted as structural lineaments and are common 
in other parts of the Thompson Plateau (e.g., Schau, 1968; Ewing, 198.1a). Some are 
known to be faults, whilst others are thought to be persistent joint systems related to 
faults (cf. Fookes, 1966). As discussed in detail below, these gross structural features are 
important in defining the lateral margins of the landslides in the Salmon Valley and 
morphological zones within them. The trend of these features is generally between Od Bt 
and 050° and their linear traces suggest vertical to steeply dipping planar structures. 

Field observations indicate that the vertical separation on some faults are in the 
order of 320 m. Ewing (1981a) has commented on the complexity of faulting processes 
and fault zone morphology in the Paleogene rocks of the Thompson Plateau. Splaying and 


secondary shearing can be observed in the lineament patterns in Figure 4.6. 
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JUPITER CREEK LANDSLIDE 
SHELL CREEK LANDSLIDE 
ADELPHI CREEK LANDSLIDE 


STEPHEN'S LAKE ROAD LANDSLIDE 


Figure 4.6 Structural lineaments evident on air photograph BC 5377-33 and pole 


concentrations from discontinuity surveys in the vicinity of the Salmon River landslides. 
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Very few fault zones are exposed in the slopes of the area. Generally, inferred 
fault zones are gullies filled with regolith. 

Curvilinear lineament traces are observed around the scarps of some of the 
landslides. Whilst initially they were thought to be stress-relief features, they appear to 


form part of the regional structural framework (Fig. 4.6). 


4.6.2 Discontinuities 

Joint surveys were carried out around the margins of the landslides where 
accessible outcrop allowed. The volcanic breccias tend to be massively bedded and 
exhibit vertical to near—vertical persistent curved joints with apertures up to 1m. Joint 
spacing Is in excess of 10m. The joints may be related to stress—relief. Flow rocks are 
also massively bedded and exhibit dominantly vertical joints. Columnar jointing is not 
observed in any of the flows. Both lava and breccia unit boundaries are irregular (Plate 4.6) 
Joint spacing was observed to vary from 10 cmtoa limit of 1m. The aperture of open 
joints varied from 0.5 cm to 20 cm. In bedded volcaniclastic rocks, joints and thin shear 
zones are closely spaced (<1 m) and are often filled by gouge or calcite veins as discussed 
below. 

In Figure 4.6 the pole concentrations of discontinuities in Paleogene rocks are 
presented in relation to the lineaments discussed above. It is seen that, in most cases, the 
concentrations represent discontinuities parallel to the lineaments in the vicinity of the field 
survey location, suggesting that the meso-fabric of the rock mass is related to the 


regional macro-fabric. 


4.6.3 Attitudes 

The effect of faulting is to divide the Paleogene rocks into fault blocks which have 
varied orientations. Similar structural patterns in Paleogene rocks of the Southern Interior 
have been noted by Campbell and Tipper (197.1) and Ewing (1979). Figure 4.7A gives 
attitude measurements obtained both by direct measurement of bedding planes in 
volcaniclastic rocks and lava flow surfaces, and indirect measurements of general dips in 
inaccessible scarps and cliffs by a method outlined by Wallace (1950) and Phillips S73 


p. 15-17). The indirect method was checked several times by direct measurement and the 
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Plate 4.6 Exposures of lava flows and breccias (Upper Red Beds) in the scarp of the 
Jupiter Creek landslide. Note irregular nature of unit boundaries and predominance of 


vertical jointing. 
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differences were found to be insignificant. 

With reference to Figure 4.7A, the dips of units within the study area show an 
erratic areal pattern with abrupt changes of attitude over small distances (e.g., in the vicinity 
of Cain Creek and the western margin of Shell Creek landslide). There also appears to be a 
variation in attitude with stratigraphical position within the succession (e.g., at Adelphi 
Creek Bluffs). The range of dips measured is between 30° and 2°, and Figure 4.7B shows 
the dispersion of poles to bedding and unit boundaries in the study area. 

The variation in attitudes may be partly explained by variations in original 
depositional attitudes but may also reflect the irregular “jostling” experienced during the 


faulting process. Folding was not observed in outcrops. 


4.6.4 Structural Disturbance in the Twig Creek and Salmon River Tuffs 
Exposures in the tuffs of the Basal Beds commonly show the effects of structural 
disturbance both within slope movement areas and outside them. Whilst Holocene 
landslide movement accounts for some of the examples of structural disturbance, others 
may be the result of processes such as those discussed above with respect to the Twig 
Creek shear zone, viz. tectonic processes or landsliding during accumulation in the Tertiary. 
These features consist of: . 

a. small-scale normal faulting with calcareous gouge infilling along the shear 
planes (Plate 4.7) In other cases these have been filled by calcite veins. 
Displacement on these faults varies up to 20 cm and spacing varies between 
0.5 and 0.75 m. Slickensides are common in the thin gouge and along the 
margins of calcite veins. 

b. irregularities in attitude and abrupt changes of dip across low-angle 
discontinuities. This is observed at exposures along the Salmon River in the 
vicinity of Shell Creek and is interpreted to be the result of the Shell Creek 
landslide movement (Plate 4.8). 

C. bedding plane shears consisting of thin calcareous gouge up to 20 cm wide, 
with gouge boundaries showing well-marked slickensides parallel to the dip 
direction. These were observed at the margins of the Jupiter Creek landslide 


(Plate 4.9). 
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Plate 4.7 Small scale normal faulting with gouge in Salmon River Tuff at western margin of 


Jupiter Creek landslide. 
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Plate 4.8 Irregularities in attitude in the Salmon River Tuff at the base of the Shell Creek 


landslide. 
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4.7 Landslide Morphology, Kinematics and Relations to Stratigraphy and Structure 
Four of the landslides in the Salmon Valley were selected for detailed study. 


Morphological data on these movements are provided in Table 4.1. 


4.7.1 The Jupiter Creek Landslide - 

The Jupiter Creek landslide is a complex slope movement of the contiguous block 
movement type, involving an area of 2 km? along a valley length of 2.85 km (Plate 4.10 and 
4.11). The estimated volume of the slope movement is in the order of 2.0 X 108m’. 

(a) Morphology 

A contour map and slope profiles of the landslide and adjacent slopes are found in 
Fig. 4.8. Included in Fig. 4.8 is a reconstucted pre-movement siope profile. This was 
based on extending the contours from the slope adjacent to the contours into the slope 
area affected by movement. The morphology of the Jupiter Creek landslide as interpreted 
from aerial photographs and field traverses is seen in Figure 4.9. Four morphological 
zones have been distinguished in the landslide debris. 

(i) Zone 7: 

This marginal area has been tentatively interpreted as part of the landslide on the basis of 
the presence of transverse depressions on the pronounced rib that marks the western 
boundary of the main movement (Plate 4.10). These depressions continue laterally into the 
main movement zone to the east and across the zone to its western boundary. Exposures 
of the Salmon River Tuff at the base of the zone do not show evidence of brecciation due 
to slope movement, which is inferred to be limited in scale. 

(iil) Zone 2: 

This zone has undergone the greatest amount of movement and is also termed the main 
movement zone within the landslide complex. Movement has been mainly by lateral 
extension and vertical displacement, resulting in an almost vertical head scarp about 150m 
in height. The scarp is made up of easterly dipping volcanic breccias and lava flows which 
exhibit persistent vertical open joints with apertures varying from 0.5 m to 2.0 m (Plate 
4.6). These joints are persistent through beds of varying lithologies and are thought to 
control the geometry of blocks within the graben below. The graben is well marked and 


the debris within it consists of interlocking almond-shaped rock masses defined by an 


eval cutis. bow yeh re ae eens Nh 
oe Stim reat; 3 ty wrsates 2 SbVe yotiny crap aa 
oe wad rH coc NS a 


“ee 


te ex 
) 


if 


~ 


cd bernie 


an aa 


reac. ane atyige bina art 6 aps ath ee 


RIS 


> acme sal 


tree Cet He wikis ike sei) wind 

, uf “eX COREY Se igeean * to Hs pbs es rove 7 
i i: 

Sia ng eA! ee orate Lah pp aici 


rt 


Osea 


as oe a mese. a simantialtle 


PN PSIG rath ‘gamtlieay tretrn ne ons nonvev bbs ae 


iar gouy io TOES at ie eeeie Oe aw arkol s2etT Lo 


Te Gog ee CY ou ot, mien * \'* > 
: ane 7 
fg by " a _ La 


er 


es: 


i 


tee ’ 


ISS 
Pe 


ee Cot cM Ae Han Bink 
Antes «eT anos 


it ene 


erty sities pr 


Sat 


a. 


sf _ "1 
aT 


ST on 10 ae ee socsplona tal 9 
<r yeeina VON ~<alaiba ein att minttiw ‘ans 


uy wine Viaiede to cy acam ai quae orf? trigisd 18 9 ; 
Songs rinw either age ottey rratain reg tiditie | 


iy Se nnanpeaeah 9 wPeengeR ect lowriog | 


haere ~ ootnerds ‘Sritotaeres ho sth 8 cute arc a 
- ‘eS 


145 


Plate 4.9 Bedding plane shear zone in Salmon River Tuff at west margin of the Jupiter 


Creek landslide. 


146 


‘SApl|Spue| JAA! UOWWIeS 4104 AszaW0ab aprjspue| $o AuewuLUNS | ‘py ajqe, 


(NOILIAYIG LNAWIAOW 
Ol aLISOddO NOILOINIG dIG S3LONIG 3NTWA SANIW) LNAW3AOW 40 NOILOFYIG NI JdvdNNS TWSVE 40 dId, 


4dANL YAATY NOWTYS = Las, 


SS ee ee 


JIML Q+ SOL gO. earl acel Gé°L *Y JAVT S,NIHddLS 
JIML Pact OLE gOL X P 00°¢ CI8C AAIYD THd 1450 
JIML/LYS Le OSE gOL X 8 00°¢ OLY AISYD V14AHS 
lds Ca SVL RUE tate G8°¢ N0°¢ AAAI YALIAAC 


(wy) 3Sva 


LINN = =ANWId TWSvd NOILOJAYIC (UW) SWNI0A 3d01S AZTIWA 


JIHdVYSTLVYLS TWsWd JO did LNAWSAOW G4LWWILS3 SNOW HLGIM (24) Wau JdTTSANV1 


Ea aes = en : : -_ ae 
eG TwaMavOe 7 
#2 JArae? -_WOITTaSiO 
<2 cas ee oe 


= = “ We 7 i posh 


ea . 


- 


7 
~ 


a a 
rs See es — 
ee age ee it A A AL RE I 


Fass. 7 ual rs ph oo) 4 = 


oo rn ; ae =. » “i : ~ - 
re ee ee Pe woeraania 11 3a hose Qe 


— ; ae 


) 
“f z 
< _ a 
_ 
7 
Ce - 
7 : 7 . 
te 
a 7 
7 ey 
iets se 
- | rs 
5 ee 
= = 
i. 
wi 
= 
> | 
= 2 - 
bd — 
= a - 7 
— ~ ti 
a r“% 
? iats =) _ 
. -~ 7 an 


147 


Plate 4.10 Aerial photograph of Jupiter Creek landslide (BC 5187-137). Note also the 
Shell Creek landslide (S). 
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interconnecting network of steep-sided depressions (Plate 4.12A) In traverses through 
the graben, the maximum relative relief observed was 60 m. The crest of each block is 
sharply defined and exposures along these ridges indicate that the strata within them are 
horizontal, suggesting that no rotation has taken place in the movement, (Plate 4.128). 

The graben is terminated by a very steep reverse slope with a maximum relative 
relief of 113 m, which marks the boundary of the debris crest ridge and the main body of 
the debris. This consists of a large unfragmented block about 200 m long (paralie| to 
movement) and 600 m wide (transverse to movement), the summit of which is at an 
elevation of 1033 m and the base at 717m. The main block has undergone a lateral 
movement in the order of 250 m to form the graben, whilst undergoing an unknown 
vertical displacement. The front of the block is marked by a 35° debris slope. at the foot 
of which occurs an exposure of the shear zone described below. Across section of 
Zone 2 is given in Figure 4.8 together with an approximate reconstruction of the 
pre-—movement slope mete 
(ili) Zone 3: 

This zone is separated from the main movement zone by a diffuse area in which the graben 
and debris crest ridge die out, (Plate 4.10 and Figure 4.9). It is bounded by two lineaments, 
thought to be fault traces, which trend 3° and 327° respectively (Figure 4.9) The faults 
converge into the slope, thus forming a release set of discontinuities along which 
movement is currently taking place. Evidence for present movement was observed at 
elevation 950 m, 240 m above the valley floor, and consisted of a transverse depression 
about 4.5 min depth. Trees on both sides of the depression showed evidence of 
movement during their growth, being tilted out of the vertical (Plate 4.13) It is thought that 
a block, outlined in Figure 4.9, is gradually moving outwards and forming a graben behind it, 
since other transverse depressions are noted upslope beneath a vertical scarp. Across 
section of Zone 3 is found in Fig. 4.8. 

(iv) Movement Zone 4: 

The east marginal zone has undergone less lateral movement than Zone 3. Linear 
transverse depressions do exist, however, but are not as well marked. The boundary of 


the zone and the eastern margin of landslide area is marked by a possible fault 


(b) Relationship to Stratigraphy and Structure 
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Plate 4.13 Disturbance of tree cover by slope movement in Zone 3 of Jupiter Creek 


landslide 240m above the valley floor. Figure is standing in centre of transverse 


depression. 
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On the basis of field exposures, it is concluded that the basal rupture zone is located in the 
Salmon River Tuff. Exposures of these rocks are found at the base of Zone 1 and are cut 
by the main movement. In addition, highly disturbed exposures of the tuff are found at the 
base of Zone 2. A diamond drill hole at the base of Zone 2 penetrated highly fractured 
basalt for a depth of 29.5 m below river level. 

The attitude of the beds forming the rock slopes which experienced movement is 
variable (Fig. 4.7). Overall true dip is O89/6. The main movement direction is 145° which, 
if the overall true dip is applied to the basal rupture zone, implies that movement is taking 
place obliquely across the bedding on a plane, or zone, dipping out of the slope at an 
apparent dip of 2°. Given the variability of dip measurements around the landslide site, the 
apparent dip of this surface could vary between 0° and 5° 

In the absence of normal faulting, the tuff breccia would dip beneath the valley 
floor and would not daylight in the slope east of Zone 2. Tentative reconstruction of the 
geology of the Jupiter Creek slope suggests that the effect of normal faulting is to ensure 
that the tuff is continuously exposed along the foot of the slope, resulting in slope 
movement along a substantial length of slope (Fig. 4.1). 

In Figure 4.1.1, the Jupiter Creek landslide can be seen in relation to the lineament 
pattern discussed above. It is seen that the western and eastern margins are coincident | 
with persistent linear features which correspond to faults. The boundaries of the 
movement zones are also determined by faults (Fig. 4.9). 

The relationship between mesostructural fabric and the morphology of the 
landslide is less clear (Fig 4.12). Analysis of discontinuities measured in the Salmon River 
Tuff at the foot of Zone 2 yields three pole concentrations. Two are steeply—dipping 
joints and normal faults (090/90 and 060/270) related to the regional structural trend, 
while the third is a group of clay-filled shear planes dipping out of the slope at 
120-140/20. 

The western margin of the landslide and the eastern boundary of Zone 2 parallels 
joint sets 1 and 2, which parallel the lineaments noted in Figure 4.11. 

Joint surveys of unfailed slopes at the eastern margin of the Jupiter Creek 
landslide exhibit a more complex pattern of pole concentrations. In addition to the 


north-trending joint set, stress—relief joints that parallel the valley side are also evident as 
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Figure 4.10 Inferred stratigraphical relations across the pre-movement slope, Jupiter 
Creek landslide. 
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KEY TO LANDSLIDES :A=JUPITER CREEK 
B=SHELL CREEK. 


—_— 


mL INEAMENTS 
— —— INFERRED FAULTS 


Figure 4.11 Relationship of Jupiter Creek and Shell Creek landslides to macrostructural 


elements in Paleogene rocks, Salmon Valley, as observed on B.C. air photograph BC 


5187-137 and field traverses. 
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Figure 4.12 Relationship of Jupiter Creek and Shell creek landslides to mesostructural 


elements (Schmidt nets—lower hemisphere) in Paleogene rocks, Salmon Valley. 
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well as are other minor concentrations. Movements in Zones 3 and 4 are parallel to the 
main lineaments and joints evident in Figs. 4.11 and 4.12. 
(c} Kinematics and Movement History 

Based on the interpretation of debris morphology, the Jupiter Creek landslide has 
involved differential extensional and vertical movements along a basal shear zone located 
in the Salmon River Tuff. Movement direction within the morphologic zones has been 
controlled in large part by the orientation of near vertical discontinuities. During 
movement in zone 2, a slight easterly rotation of the debris has taken place in plan which 
may reflect the effect of the true dip of the rupture surface (089,6) to the east. Rotation 
toward the true dip direction Is seen in the other landslides of the Salmon River Valley. 

The presence of landslide debris on top of fluvial or fluvioglacial gravels at several 
locations at the foot of the movement (Fig. 4.9 and Plate 4.14) indicates that the slope 
movement took place some time after the valley was formed. The main movement within 
the landslide appears to be related to the effect of renewed erosion resulting from the 
Shell Creek landslide which displaced the Salmon River to the northwest side of the valley, 
thus undercutting the Jupiter Creek slope. 

It is evident that movement has taken place at different times throughout the 
history of the Jupiter Creek landslide. Within the frontal debris slope, pod-like 
accumulations of white silt deposits are found. These were first thought to be volcanic 
ash deposits. However, only two locations yielded sufficient shards for analysis and these 
were located in debris at the foot of Zone 3 (Fig. 4.9). Analysis by N.Catto showed them 
to be reworked Mazama Ash deposited approximately 6640 years B.P. (Clague, 1981). 
The disposition of the deposits indicates that the ash layer was disrupted by movement in 
this Zone, suggesting that movement has taken place since 6640 years BP.- 


(d) The Macrostructure of the Jupiter Creek Shear Zone 


The rupture zone of the Jupiter Creek landslide is exposed along the base of Zone 
2 in several roadside exposures (Plate 4.15A) The exposure consists of highly fragmented 
calcareous shear matrix of brecciated Salmon River Tuff with disoriented inclusions of 
pyroclasts and larger fragments of unbroken rock up to 1m in diameter. These larger 


fragments appear to have been rounded by the movement. 
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Plate 4.14 Jupiter Creek landslide debris overlying gravels at base of 
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Plate 4.15 Rupture zone of Jupiter Creek landslide. 
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Steeply dipping, discontinuous closely spaced non-planar surfaces up to 20 cm 
long occur throughout the shear matrix and dip into the slope, opposite to the direction of 
movement. Some are curved around the inclusions (Fig. 4.13) suggestive of flowage but 
also may reflect the presence of non-uniform shear strength within the shear zone (cf. 
Lupini et a/. 1981). Superimposed on this fabric are sub—horizontal, persistent shear 
surfaces, (Plate 4.15B), indicative of a later phase of movement. In detail, these consist of 
a highly friable shear matrix approximately 1 cm in thickness bounded by slickensided clay 
surfaces oriented parallel to the direction of movement. 

A comparison of the undisturbed tuff with the sheared tuff under the reflected 
light microscope indicates that there has been a general disturbance of the fabric of the 
intact material. It is evident from the thickness and characteristics of the shear breccia 
that movement has not taken place along structural elements such as bedding planes and 
joints, but that within the height of the exposure it has involved the shearing of intact 


Salmon River Tuff. 


4.7.2 The Shell Creek Landslide 

The Shell Creek landslide is a massive slope movement of great complexity, 
located opposite the Jupiter Creek landslide (Plate 4.16). The landslide is 2050 m wide at 
its widest point and approximately 2000 m long from headscarp to foot, affecting a slope 
with a maximum height of 730 m. The movement covers an area of 4.1 km? and the 
volume of the debris may approach 1 x 10° m’. 
(a) Morphology 

A contour map and slope profiles of the landslide and adjacent slopes are found in 
Fig. 4.14. Pre-movement slopes were reconstructed as explained in section 4.7.1..A 
profile based on an altimeter traverse of the landslide debris is shown in Fig. 4.15. As 
shown in Figure 4.16, the landslide can be divided into three distinct areas on the basis of 
aerial photograph interpretation and field observation. 
Zone 1-Head and Lateral scarps: 
Zone 1 consists of the head and lateral scarps, associated debris slopes and the lateral 
margins consisting of linear segments (Fig 4.16). The headscarp is a high wall-like rock 


slope trending 251°, along parts of which several detached slide blocks are found. They 
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A: STEEP,CLOSELY SPACED SLICKENSIDES 
B: SUB—-HORIZONTAL SHEAR SURFACES 
C:BOULDERS OF TUFF 

D:CURVED DISCONTINUITIES 


Figure 4.13 Sketch of structural elements of shear zone, Jupiter Creek landslide. 
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A=GRABEN AT HEADSCARP, B=SLUMP BLOCK ON EAST 


LATERAL SCARP, C=THE JUMBLES, D=JUPITER CREEK 
LANDSLIDE. 


Plate 4.16 Aerial photograph of Shell Creek landslide (BC 4409-134 
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ee eS RIOGE WITHIN LANOSLIDE DEBRIS 
eo a STRUCTURAL LINEAMENT 
SI RIVER , STREAM OR ORY WATER COURSE 
VALLEY FLOOR 
500m Take 
INFERRED MOVEMENT DIRECTION 
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Figure 4.16 Morphology of Shell Creek landslide based on interpretation of air photograph 
BC 4409-134. A=slump blocks on east lateral scarp, B=spring. Inset shows 


morphologic zones. 
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are separated from the headscarp by a graben feature (Plate 4.17). The east lateral scarp 
is also linear and well-defined, although not steep and wall-like. Secondary movement has 
taken place (Fig. 4.16) on the east lateral scarp where a marked rotational slide block is 
noted. Below an elevation of 1.180 m, the east lateral margin trends 145° The west 
lateral scarp is a nearly vertical precipitous wall trending 139° (Plate 4.18 ), but below 
elevation 1060 m the west lateral margin is diffuse, possibly reflecting a pre-movement 
gully or small valley. 

e one 2-Debris behind Debris Crest Ridge: 

Zone 2 consists of the landslide debris behind the debris crest ridge and exhibits rugged 
irregular topography (Plate 4.19). The sharp ridge and hollow topography reflect the 
presence of interlocking almond-shaped ridges and steep-sided, flat—topped blocks in 
which the beds generally show little or no rotation. Ridge spacing is in the order of 90 m 
and the intervening hollows are up to 35 m deep. At what was termed "The Jumbles”, 
steep scarp—facing, smooth surfaces were found, which may indicate under-thrusting in 
the debris (Plate 4.20), and backward rotation was also observed due to “bunching” behind 
"The Knob” (Fig. 4.15 and 4.16, Plate 4.19). 

Zone 3-Debris in front of the Debris Crest Ridge: 

The area consists of much larger blocks (Fig. 4.16) with much deeper and wider intervening 
hollows indicative of greater distension (Plate 4.2.1). Ridge spacing is in the order of 

200 m and only local rotation or piling up is observed. Blocks are less common in the 
western part of Zone 3. Some of the block boundaries are precipitous and appear to be 
structurally controlled. Locally, rockfall and toppling take place on these boundaries. The 
lower margin of Zone 3 is a steep, heavily vegetated debris slope that slopes at 35° down 
to the Salmon River, (Fig. 4.15). 

(b) Relationship to Stratigraphy and Structure 

An attempt was made to reconstruct the geology of the pre-movement slope by traverse 
around the landslide. The reconstruction is complicated by two factors. First, normal 
faults traverse the slide and have resulted in uncertain vertical displacements of beds 
within the slope. Second, an anomalous exposure of Salmon River Tuff between the 
elevations of 884 m and 760 m was found along Shell Creek. This thickness is not 


exposed elsewhere. Sheared Salmon River Tuff was found near the western margin of 
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to the east. 
Plate 4.17 Blocks and graben feature at headscarp, Shel! Creek landslide. View 
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Plate 4.18 West lateral scarp of Shell Creek landslide. Note high wall-like nature of scarp 


and persistent vertical joints. View to the west. 
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Plate 4.19 View westward, from east lateral scarp, into Zone 2, Shell Creek landslide. J= 


The Jumbles, K=The Knob. 
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Plate 4.20 Scarp facing surface, suggesting underthrusting, at The Jumbles, Shell Creek 


landslide. 
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KEY _; A=SLUMP BLOCK ON EAST LATERAL SCARP. B=EAST LATERAL 
SCARP. NOTE ABSENCE OF HIGH WALL-LIKE ROCK SLOPES. 
C=HIGH WALL-LIKE ROCK SLOPE OF WEST LATERAL SCARP. 
D=HEAD SCARP WITH BLOCKS SEPARATED FROM HEAD OF 
SLIDE BY GRABEN AND TENSION CRACKING. 


DASHED LINE IS DEBRIS CREST RIDGE. 


Plate 4.21 Shell Creek landslide from the scarp of Jupiter Creek landslide. Note Jupiter 


Creek landslide in foreground and transmission towers circled for scale. 
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the Shell Creek landslide along the Salmon River (Plate 4.8). Faulting has displaced rocks in 
the eastern part of the pre-movement slope upward, and in this part of the landslide the 
rupture zone may involve the Twig Creek volcaniclastics or the sub—Paleogene surface. In 
the absence of suitable exposure, however, the relation between the rupture zone location 
and stratigraphy remains uncertain. The inferred stratigraphical relations presented in 
Figure 4.17 are, therefore, tentative only. 

The overall true dip of the beds around the margins of the landslide was calculated 
to be 092/9. Given that the initial movement direction in the landslide was 350°, shearing 
took place in beds with an average apparent dip of 1° into the slope. Given the variability 
of dips around the scarp this apparent dip could vary between 0° and 5° into the slope in a 
direction opposite to movement. 

In Figure 4.11 the location of the Shell Creek landslide can be seen in relation to the 
lineaments discussed in Section 4.6. The landslide occurs between two well-defined 
lineaments which are inferred to be faults and which define the east lateral scarp and part 
of the west lateral margin. 

A lack of accessible exposure has limited the amount of joint survey work 
undertaken but in Figure 4.12, pole concentrations are given for an outcrop behind the 
headscarp. Two joint sets are represented by these concentrations, the first being a 
series of near vertical joints dipping between 85° and 90° with a strike of 144° and the 
second dipping at 70° with a strike of 248°. The strike of these joint sets approximates 
the orientation of the west lateral scarp and main headscarp, respectively (Fig 4.12). 

(c) Kinematics and Movement History 

The direction of movement within the debris was inferred from the orientation of block 
boundaries (Fig. 4.18). Initial movements were perpendicular to the headscarp followed by 
secondary movements along the lateral scarps (Fig 4.18), Slight rotation of slide blocks in 
the horizontal plane took place towards the direction of true regional dip. A complex and 
multiple movement therefore took place. The western part of zone 3 did not undergo as 
much distension as the east side. As can be seen in Fig. 4.14, profiles down each side of 
the landslide are dissimilar. Greater movement occurred on the east side which probably 
resulted in the secondary scarp movement noted in Fig. 4.16. This increased movement 


may have resulted from an initial movement phase or a later reactivation. 
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Figure 4.18 Inferred movement direction within the Shell Creek landslide debris. A andB 


are lineaments within the debris discussed in the text. 
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Lineaments within the debris (A and B in Fig. 4.18) are suggestive of preserved fault 
lines within the debris or lateral shear planes related to recent movement. However, no 
movement has been detected on the B.C. Hydro transmission line which traverses the 
debris since its construction in the early 1970s. The debris is heavily vegetated and 
extensive organic soil development in parts of the debris suggests a substantial age for 


the Shell Creek landslide. 


4.7.3 Adelphi Creek Landslide 

The Adelphi Creek landslide (Plate 4.22) is a simple massive movement located 8.5 
km southwest of Westwold. The landslide involves an area of 2.62 km? along a valley 
length of 2 km. The volume of the landslide, which affects a slope with a maximum height 
of 550 m, Is approximately 9.6 x 10% m3 
(a) Morphology 
A contour map and across section of the landslide are shown in Fig. 4.19. As can be seen 
in Figure 4.20, the landslide can be divided into three morphological zones. 
Zone 1-Head and /atera/ scarps and associated debris s/opes. 
As can be seen in Plate 4.22 and Figure 4.20 the scarp is compound in nature. The west 
lateral scarp is wall-like, trending 320° The headscarp is segmented and embayed by 
erosion along discontinuities. The east lateral scarp is not well defined and exhibits few 
exposures. Below elevation 900 m it becomes indistinct and merges with surficial 
deposits which results in the north-eastern boundary being difficult to distinguish, both on 
aerial photographs and in the field. The linear nature of the east lateral scarp suggests 
structural control. 
Area 2: Area behind the Debris Crest Ridge 
This is similar in morphology to the graben in the Shell Creek and Jupiter Creek landslides, 
consisting of interlocking almond-shaped ridges and blocks, and the beds within the 
blocks show no rotation. Although steep-walled block boundaries were traversed, the 
topography of this part of the landslide is much more subdued when compared to the 
other landslides discussed, due to infilling of hollows by organic soil and pebbly surficial 
materials. The debris crest ridge is prominent and a marked linear reverse slope is noted 


(Plate 4.22). 
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Plate 4.22 Aerial Photograph of Adelphi Creek Landslide (A) and Adelphi Creek Bluffs (B) 
(B.C. Air Photograph BC7675- 17 1). 


, 


: ea v4 


yi & 
Nig re, ted oy 
; , 
= pa 

} f ‘4 

a 

it 
1 5 ‘ 


: 2 J 
‘2 
] 
e > ‘ 
- 4 ay 
a5 
y 


ee 
a ie ee 
rr a < 
ade 


RUE 2987) urea Ag tArabiet 


™™ 
7 ° | Aer ns 
- 


ip4 4 a oie 
ie f sT 


i 


f a 


178 


Figure 4.19 Contour map and slope profiles of Adelphi Creek Bluffs and Adelphi Creek 
Landslide. 
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Figure 4.20 Morphology of Adelphi Creek (A) and Stephen's Lake Road (B) landslides based 


on B.C. Air Photograph BC 1352-112 
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Zone 3: Area beyond the Debris Crest Ridge 

This consists of subdued, ridged topography. The cover of surficial materials becomes 
important below an elevation of 861m. These include pebbly diamictons and varved 
glacio—lacustrine silt. At the southwest extremity of the landslide, low fluvial terraces abut 
against the foot of the debris. 

(b) Relationship to Stratigraphy and Structure 

The lower part of this landslide has an extensive road network with road-cut exposures. 
Highly Benepe sheared Twig Creek Tuff equivalents, named the Hummingbird Tuff, 
containing Chapperon schist fragments are found at various locations throughout the 
debris in these exposures and it is concluded that this represents the exposed rupture 
zone (Plate 4.23). 

Remote dip measurements on scarp exposures give an overall true dip of rocks in 
the landslide area of 277/5 which results in the apparent dip of 2°-4° in the direction of 
movement (312°). Discontinuity surveys were only possible in Palaeozoic Chapperon 
schists exposed at the base of the landslide (Fig.4.3), and an absence of discontinuity sets 
unfavourable for slope stability is noted in these rocks. 

{c) Kinematics and Movement History 

The well preserved linear debris crest ridge indicates that the slide mass had unusual 
coherence, and perhaps indicates one phase of movement along a basal shear plane. This 
is also reflected in the smaller number of slide blocks and ridges within the debris. 
Movement was dominantly extensional and gave rise to the well-marked graben noted in 
Plates 4.22 and 4.26. 

The extensive cover of surficial deposits in the lower part of the landslide and the 
presence of river terraces at its foot indicate that movement may have taken place prior to 


the deposition of these late glacial — early post-glacial deposits. 


4.7.4 Adelphi Creek Bluffs 

The high steep face at the southwest margin of the Adelphi Creek landslide (Plate 
4.22) was termed Adelphi Creek Bluffs. During traverses around the Bluffs and on the 
upland surface behind, indications that the slope has undergone limited movement were 


observed. These indications included the existence of tension cracks over 3 m wide at the 
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Plate 4.23 Exposed shear zone of Adelphi Creek landslide. Note Hummingbird Tuff which 


contains Chapperon Schist fragments (H) and fluvioglacial boulders (F). 


Laat 


be 


sain tut bomen 
eter eta 


ax 


182 


crest of the Bluffs (Plate 4.24) , the existence of a series of steps down from the plateau 
level to the edge of the Bluffs, indicating that differential vertical movement had taken 
place (Plate 4.22), and limited downslope displacement of less than 10 m along 
discontinuities between blocks on the Bluffs (Plate 4.25). Based on this evidence, the 
slope was considered to be in limiting equilibrium. 

As mentioned in Section 4.5, the stratigraphy of the Bluffs was established by 
indirect means from the opposite side of the valley, using a plane table and telescopic 
alidade. The stratigraphy (Fig. 4.2.1) indicates that both the Twig Creek and Salmon River 
Tuffs are exposed near the base of the slope. A basal shear surface (or zone) within 
either of the tuffs dipping toward the valley at between 2° and 4° is suggested. 

The moved mass has an area of approximately 0.94 km? and appears to be defined 
by linear fracture traces, evident on aerial photographs , that trend 025 and 320 (Fig. 4.22). 
The limited movement in the rock mass is due in part to the berm effect of the Adelphi 
Creek landslide debris in the northeast part of the rock mass (Fig. 4.22). 

It is concluded that this berm effect, together with the lateral forces at the 
southwest margin of the rock mass, accounts for the limited movement exhibited in the 
Bluffs. It is probable that the movement was a response to the Adelphi Creek landslide 


event. 


4.7.5 Stephen’s Lake Road Landslide 

This is the smallest of the Salmon River landslides (Plates 4.26 and 4.27) 
investigated, having an area of 1.25 km? along a valley length of 1.75 km. The landslide 
involves a volume of approximately 2 x 10’ m°. It is located opposite the Adelphi Creek 
landslide. 
(a) Morphology 
A contour map and cross section of the landslide can be found in Fig. 4.23. As shown in 
Figure 4.21 the landslide can be divided into three morphological zones. 
Zone 1: Headscarp and Landslide Margins 
The headscarp of this slide is bi-linear, the two segments trending 015° and 050°. It is 
breached by a small creek. Behind the headscarp several linear depressions have been 


observed; these represent tension cracks (Plate 4.26). There is an absence of lateral 
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Plate 4.24 Tension crack at the crest of Adelphi Creek Bluffs. 
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Plate 4.25 Downslope displacement (arrowed) along discontinuity at Adelphi Creek Bluffs. 
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- Figure 4.21 Stratigraphy of Adelphi Creek Bluffs obtained by telescopic alidade and plane 


table from opposite side of valley. Drawn with no vertical exaggeration. 
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Figure 4.22 Map of Adelphi Creek Bluffs area, showing inferred extent of rock mass 


involved in movement. Note fracture traces. Based on air photograph BC 5187-168. 
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Plate 4.26 Air photograph of Adelphi Creek landslide (A) and Stephen's Lake Road landslide 


(S). Note also Woods Lake (W) and Jupiter Creek landslide (J). (BC5 187-168). 
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scarps. The northeast margin of the landslide is diffuse but the southwest margin is 
clearly distinguishable. It is linear and corresponds to the southwest margin of the Adelphi 
Creek landslide, trending 320°. 
Zone 2: Behind the Debris Crest Ridge 
This resembles Zone 2 in the Adelphi Creek slide and exhibits similar interlocking slide 
blocks and ridges separated by an interconnected system of hollows and depressions. 
Again, as compared to the Jupiter Creek and Shell Creek landslides, the topography is 
subdued due to an extensive cover of organic soil and pebbly diamicton. 
Zone 3: Beyond the Debris Crest Ridge 
Similar subdued ridges and hollows merge with surficial deposits at lower elevations (Plate 
4.26). 
(b) Relationship to Stratigraphy and Structure 
Movement is thought to have taken place in the basal tuffs as at the Adelphi Creek 
landslide. This conclusion is based on the exposure of Career schist and basal basalt 
at the northeast margins of the landslide debris. 

The mean true dip of beds in the landslide area is 135°/8°, yielding an apparent dip 
into the valley of 6° along a direction of movement of 092°. 

Lack of accessible exposures precluded detailed structural mapping. 
(c) Kinematics and Movement History 
The movement appears to be dominantly translational along a basal surface. No rotation is 
seen in the debris. 

Slide debris overlies fluvioglacial gravels at the foot of the slide, suggesting an 


early post-glacial date for the landslide. 


4.7.6 Discussion on Salmon River Landslides 

Four large block type-landslides have been examined in a structurally complex 
Paleogene volcanic succession in the Salmon Valley. The succession is dominated by 
inter—bedded basaltic lava flows and thick volcanic breccias. Two weak volcaniclastic 
layers occur within 120 m of the base of the succession and landsliding has occurred 
where these strata were exposed at the base of the pre-movement slopes. The 


estimated volume of each of the landslides exceeds 2.0 x 10* m’. 
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The landslides show a similarity in morphology characterised by : 

a. high, near vertical head and lateral scarps; 

b. the presence of a graben in the debris at the foot of the scarp consisting of 
interlocking ridges and blocks separated by steep sided depressions up to 60 
m deep. 

GC a debris crest ridge which marked the downslope boundary of the graben; 

d. a frontal zone of distended blocks downslope of the debris crest ridge which 
is either terminated by a steep debris slope, as in the case of the Shell Creek 
and Jupiter Creek landslides, or a gentler slope which blends into surficial 
deposits at the foot of the debris as at the Adelphi Creek and Stephen's Lake 
Road landslides. 

A reconstruction of the kinematics of the Jupiter Creek and Shell Creek landslides, 
based on observations of debris morphology and reconstructed profiles is given in Fig. 
4.24. It is noted that the frontal blocks were subject to dominantly horizontal movement 
and that the debris crest ridge was located on the face of the pre-movement slopes. 

Results of geological mapping indicate that the basal shear surface or rupture zone 
is located in one of two weak volcaniclastic layers (the Twig Creek and Salmon River 
Tuffs), which as mentioned above, occur near the base of the succession. These rocks 
show a high degree of alteration and structural disturbance and contain filled 
discontinuities and pre-sheared surfaces. The steep back surface is located in the 
overlying cap of lavas and breccias. 

The effect of stratigraphy on slope stability is seen in the field slope stability chart 
in Fig. 4.25. In the absence of a tuff layer at the slope base , high, steep slopes may exist 
that show no evidence of slope movement, whereas landslides have only taken place 
where tuff layers have been present. The position of the Adelphi Creek Bluffs slope, 
where evidence of movement has been observed, is noted. 

The morphology of the block movements and the fact that they exhibit little or no 
rotation suggests a strongly bi-linear rupture surface consisting of a sub—horizontal basal 
shear surface, or rupture zone, and a steep back surface. The morphologies of the 
landslides are therefore compatible with either a translational sliding or spreading slope 


movement mechanism. 
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A - APPROXIMATE RECONSTRUCTED PRE-MOVEMENT PROFILE ALONG PROFILE B IN FIG. 4.8 AND PROFILE 3 IN FIG. 4.14. 
\ INITIAL SLOPE MOVEMENT IN SHELL CREEK LANDSLIDE TAKES PLACE. 


1B - SHELL CREEK LANDSLIDE TAKES PLACE. NOTE POSITION OF DEBRIS CREST RIDGE. 


lc - EROSION OF HATCHED AREA TAKES PLACE,UNDERCUTTING JUPITER CREEK SLOPE , AND RESULTING IN INITIAL 
| MOVEMENT OF JUPITER CREEK LANOSLIDE. 


O - JUPITER CREEK LANDSLIDE TAKES PLACE. NOTE POSITION OF DEBRIS CREST RIDGE. 
E - EROSION OF HATCHED AREA RESULTING IN EXISTING PROFILE 


Figure 4.24 Reconstruction of the kinematics of the Jupiter Creek and Shell Creek 


landslides. 
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SLOPE HEIGHT : 


©: STEEP SLOPES WITH TUFF LAYER ABSENT AT SLOPE BASE. 
NO EVIDENCE OF SLOPE MOVEMENT. 


@: EXISTING SLOPE MOVEMENT GEOMETRIES INDICATING SLOPE 
ANGLE DECREASE DUE TO MOVEMENT. KEY TO POINTS; 
A*ADELPHI CREEK BLUFFS, B=ADELPHI CREEK LANDSLIDE, 
C,D=SHELL CREEK, E,F=JUPITER CREEK, G=STEPHEN'S LAKE 
ROAD. 


Figure 4.25 Field slope stabilty chart for slopes in the Salmon Valley, between Twig and 


Adelphi Creeks. 
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If translational sliding has taken place, movement has taken place obliquely across 
bedding planes at some angle to the direction of true dip on surfaces which have an 
apparent dip varying between 6° out of the slope and 1° into the slope. The surfaces were 
assumed to vary within 5° of the horizontal. 

The evidence for spreading is seen in the exposed rupture zone of the Jupiter 
Creek landslide where the Salmon River Tuff is highly fragmented and structurally 
degraded (Plate 4.15, Figure 4.13). This evidence indicates that movement has not taken 
place along discontinuities in the tuff and that movement has involved the rupture of intact 
rock material. 

The direction of initial movement and landslide plan geometry are controlled by the 
orientation of structural elements within the cap, viz. near vertical faults and associated 
joints. Both the Shell Ceek and Jupiter Creek landslides show that slight rotation in the 
debris toward the direction of true dip accompanied slope movement. 

The geological controls on slope movement in the Salmon Valley are shown in 
schematic fashion in Fig. 4.26, (cf. Fig. 2.3). 

The history of slope development in the Salmon Valley remains unknown. The 
relationship between surficial deposits and debris at the Adelphi Creek and Stephen's Lake 
Road landslides indicates a late glacial age for these slope movements. Shell Creek and 
Jupiter Creek landslide debris overlies surficial deposits and a later age is suggested. The 
occurrence of first-time slope movement in the Salmon Valley shows, therefore, a wide 
distribution in post-glacial time and it would appear that some of the slope movements 
were not an immediate response to slope geometry changes in late-glacial or early 
post-glacial time but were delayed failures related to the operation of an unidentified 
time-dependent process subsequent to final valley formation. A tentative model of 
post-glacial slope development in the valley is given in Fig. 4.27. 

Evidence of current movement was observed in Zone 3 of the Jupiter Creek 
landslide. At Adelphi Creek Bluffs a rock mass, approximately 0.94 km? in area, has 
undergone limited slope movement in the past without developing into a full scale landslide. 

The question of future movement at Adelphi Creek Bluffs together with the 
possible re—activation of undercut landslide debris (cf. Fig. 4.24) at the Shell Creek and 


Jupiter Creek landslides deserves further attention. 
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INITIAL POST-GLACIAL OVER- 
DEEPENING. POSSIBLE OCCURRENCE OF 
ADELPHI CREEK AND STEPHEN'S LAKE 
ROAD LANDSLIDES. 


INITIAL POST-GLACTAL 
AGGRADATION. 


OCCURRENCE OF SHELL CREEK AND 
JUPT TER CREEK LANDSEIDES - 


SECOND POST-GLACIAL OVERDEEPENING 
TO CURRENT THALWEG. EXPOSURE OF 
DEBRIS-GRAVEL CONTACTS. 


Figure 4.27 Model of post-glacial slope development in the Salmon Valley. 
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5. MICROSTRUCTURE OF VOLCANICLASTIC MATERIALS 


5.1 Introduction 

Investigations reviewed in chapter 1, summarised on a regional basis in Chapter 3 
and detailed for the Salmon River in Chapter 4, indicated that in layered volcanic 
successions slope movements were generally localised where a weak pyroclastic or 
sedimentary layer underlies a resistant cap consisting of lava flows and breccias. Further, 
all three levels of investigation suggested that slope movements frequently occurred 
independently of larger structural relations, i.e., through or across weak beds and rarely 
down dip or along other discontinuities known to exist in basal weak layers. Observations 
in Chapter 4 on exposed rupture zones also indicated that with respect to the landslides 
studied in the Salmon Valley, movement has involved the degradation of intact rock 
material and the production of thick shear breccias. It was on this basis that a study was 
undertaken of the microstructure of intact rock material, from undisturbed ground 
adjacent to landslides, material from landslide rupture zones, and from landslide debris in 
order to ascertain those elements of microstructure that might contribute to weaknesses 
in the intact rock. In the following chapter these findings are related to the engineering 
behavior of selected samples of volcaniclastic rock. 

Microstructure is defined by Mitchell (1976) as the fabric, composition and 
inter—particle forces that contribute to the behaviour of a soil (or rock) that cannot be seen 
by the naked eye. Fabric is defined as the arrangement of particles, particle groups and 
pore spaces in a soil, whilst composition is defined as the nature and mineralogy of the 
constituent particles (Mitchell, 1976). 

This chapter presents the results of an analysis of the microstructure of 


volcaniclastic rocks associated with selected landslides described in Chapters 3 and 4. 


5.2 Materials Examined 

Twenty samples were selected for microstructural investigation; these consisted 
of Paleogene volcaniclastic rocks from the Salmon and Deadman Rivers and Neogene 
volcaniclastic materials from exposures along Gorge Creek, Chasm Creek and the Chilcotin 


River. 
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The volcaniclastic material was grouped with respect to fabric disturbance as 
follows; 

1. Fabric undisturbed and intact (I), in which the material is taken from blocks that are 
undisturbed directly adjacent to a landslide or from a stratigraphic unit interpreted to 
be an important weak layer. In some cases blocks were taken from landslide shear 
zones but the disposition of slickensides along discontinuities indicated that the 
fabric was intact and undisturbed by movement (e.g., Redstone}. 

2. Fabric Sheared (S), in which the material is taken from the shear breccia of a basal 
rupture zone (e.g., Bull Canyon, Jupiter Creek). 

3. Eabric Remolded (R), in which the material was taken from flow debris (e.g., Deadman 
River). 

Sample locations in relation to landslide sites are given in Fig. 5.1 for the Salmon 

Valley, Fig 5.2 for the Deadman Valley and Fig. 5.3 for Chasm Creek and the Chilcotin River. 

Sample descriptions, fabric group and the microstructural investigation carried out are 


found in Tables 5.1, 5.2, and 5.3. 


5.3 Methods 

The microstructure of the volcaniclastic materials was examined by low powered 
reflected light microscope, polarising microscope and by the Scanning Electron 
Microscope (SEM) (see Tables 5.1, 5.2 and 5.3). Samples for the SEM consisted of freshly 
broken chips of material which were freeze dried before being cemented onto stubs. !n 
the case of slickensides from shear zone exposures, the surface was not freshly broken 
so as to allow direct observation of the shear surfaces. Samples were sputter coated 
with gold prior to examination. | 

The detailed objectives of this phase of the investigation were as follows: 
1. To establish grain-matrix relationships and identify their components at various 

sections within the material. 

2. To locate and identify clay particles and assemblages. 
3. To describe the characteristics and location of voids within intact fabrics. 
4. Toascertain the effect of slope movement on microstructure as deduced from 


samples collected from exposed rupture zones and landslide debris. 
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Figure 5.1 Microstructure sample locations in the Salmon Valley. Landslides are Ste 
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Lake Road (A), Adelphi Creek (B), Jupiter Creek (C), Shell Creek (D). 
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Figure 5.2 Microstructure sample locations in the Deadman Valley. 
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Figure 5.3 Neogene microstructure sample locations in the Chilcotin Study Area (A) and 


Chasm Creek area (B). 
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The microfabric observed in the SEM was described according to the scheme of 
Collins and McGown (1973) where possible. This scheme is in general use in the field (e.g., 
Mitchell, 1976). Clay particles were generally identified on the basis of morphology and 
on some occasions by an X-ray energy — dispersive analyser attached to the SEM. The 
morphology of clays is well illustrated in Borst and Keller (1969), Boher and Hughes (197.1) 
and Wilson and Pittman (1977), sources which were used to aid in the morphological 
identification of clay particles. 

Discussions and SEM photographs of the microstructure of volcaniclastic materials 
are found in Almon et. a/. (1976), Surdam and Boles (1979), Stanley and Benson (1979), 
Davies et a/. (1979), Khoury and Eber! (1979), Ratterman and Surdam (1981) and Walton 
et a/. (1981). Descriptions of volcanic ash morphology with SEM photographs, are 
reviewed by Walker and Croasdale (1971), Heiken (1972, 1974). These sources aided 
substantially in the interpretation of SEM images. 

X-ray diffraction (XRD) analysis was carried out on clay fractions (< 2u) from the 
20 samples. Initial disaggregation was carried out by hammer blows. Successive 
disaggregation and dispersion was then carried out by ultrasonic methods, and the 
suspension centrifuged to separate out the clay particles, which were freeze dried. An 
oriented mount was produced by sucking the clay particles on to a porous ceramic disc. 
The sample was saturated with Ca?* cations and subjected to XRD analysis using Co K alpha 
radiation at a scan speed of 1° 2-theta per minute. The same disc was then glycolated 
using ethylene glycol and subjected to a second XRD analysis. 

The resultant diffractograms were analysed for the major clay mineral groups and 
were interpreted using the methods suggested by Carroll (1970), Thorez (1976) and 
Brindley and Brown (1980). The criteria for the major clay mineral groups were as 
follows: 

1. Smectite: In Ca-saturated samples, a peak at 15 A (001) which swells to one at 
approximately 17 A on glycolation. Higher order reflections after glycolation are 
very marked. 

2. Kaolinite: Areflection at approximately 7 A (00.1) unaffected by glycolation. 

3. //lite: A(001) reflection at 10 A unaffected by glycolation. 

4. Chlorite: A(001) reflection at 14 A unaffected by glycolation. 
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Some uncertainty may exist with a mixture of kaolinite and iron-rich chlorites. In 
this case the (00 1) and (003) reflections of the chlorite may be weak or absent (Thorez, 
1976). The 7 A peak may therefore be the (001) reflection of kaolinite or the (002) 
reflection of chlorite. This was thought to be significant only in the case of SR1, the Twig 
Creek sample, as discussed beldw, 

A semi-—quantitative method of estimating the proportions of clay minerals based 
on relative peak heights was used to estimate the relative amounts of each clay mineral in 
the clay fraction of each sample. This method is to be interpreted as an index only, and it 
is in use at the Alberta Research Council. A similar method was used by Locker (1973) and 
is Outlined in Table 5.4. It is emphasised that estimates of clay mineral proportions using 
this semi-—quantitative method may be in error by up to 5- 10%. 

Attention was also given to the presence of non-clay minerals in the clay fraction 
with emphasis on quartz, feldspar, calcite and zeolites. Identification of these minerals on 


the diffractogram was made on the basis of criteria outlined in Brindley and Brown (1980). 


5.4 Microstructural Domains in Volcaniclastic Rocks 

In discussing microstructural observations it is important to establish the relative 
scale dealt with, for example, when examining a thin section beneath a polarising 
microscope. This is particularly the case when analysing the microstructure of a complex 
fragmental system such as is found in volcaniclastic rocks. The structure of this group of 
rocks is aresponse to the primary pyroclastic and epiclastic processes active in initial 
deposition, secondary processes such as diagenetic or hydrothermal alteration, and a 
tertiary group of processes which might consist of shearing, weathering or 
post-alteration solution. The macro-structure of such rocks may be viewed as a 
hierarchical multi-grain system, which contains different grain and matrix relationships at 
different scales. In this discussion we may define the matrix as those particles smaller 
than the dominant grain size. Further, fabrics are classified as matrix supported or grain 
supported, a factor which strongly influences geotechnical behavior (Marsal, 1965 ; Lupini 
et a/. 198 1). 

Initially, a macrostructural multi-grain system may be defined in which the 


macrofabric domains correspond to air—fall pyroclastic rock types (Fig. 5.4). It is within 
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Table 5.4 Semi-quantitative method of computing clay mineral percentage using the Peak 


Height Method (after Alberta Research Council) 


Calculate the form factors: 


The 104 mineral (illite) is the internal standard and has a form 
factor value of 1.000. 


For the other minerals: 


O 
height of 17A peak 


et Ce) Ee Ee ees 
4 x height of 10A peak 


height of 14h peak 
(Se Se 
3 x height of 10A peak 


O 
height of 7A peak 
(e) 
2.5 x height of 10A peak 


Sum the form factor values and calculate percentages 


Example 
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these macrofabric domains that investigations of microfabric take place. With respect to 
tuffs, which are the most numerous volcaniclastic rock studied in this investigation, 
additional microfabric domains may be distinguished corresponding roughly to the scales 
investigated when using the polarising microscope and the Scanning Electron Microscope. 
An example of a microstructural model of grain—matrix relations is given in Fig. 5.5 for an 
analysis of the Twig Creek tuff discussed in the following section. In Fig. 5.5 Domain A 
corresponds to the smallest macro-structural domain in Fig 5.4 at a scale of 1:1. 

The three domains identified in Fig. 5.5 are used as a framework to describe the 


microstructure of volcaniclastic materials discussed below. 
5.5 Clay Mineralogy 


5.5.1 Paleogene Volcaniclastics-Salmon River 

The glycolated diffractograms for the intact and sheared Salmon River samples are 
seen in Figs. 5.6 and 5.7, respectively. The relative amounts of major clay minerals in the 
clay fraction calculated by the semi—quantitative method are seen in Table 5.5. 

The clay mineralogy in all samples is seen to be dominated by smectite clays as is 
evident in the intense, sharp peaks at 17 A and the well marked higher order reflections. 
The estimated proportion of smectites varies between 78% and 98% (Table 5.5). No other 
clay mineral is significant, with the exception of kaolinite in sample SR1. The only 
non-clay mineral to give significant reflections is potassic feldspar. No distinction can be 
made between the fabric groups on the basis of the results of the XRD analysis. It is also 
noted that weathered and unweathered samples of Salmon River Tuff show essentially the 


same diffraction pattern. 


5.5.2 Paleogene Volcaniclastics - Deadman River 

The diffractograms of 6 glycolated samples are shown in Figs. 5.8 and 5.9 and the 
relative amounts of major clay minerals in the clay fraction in Table 5.6. 

As in the Salmon River materials all the diffractograms are dominated by an 
intense sharp peak at 17 A and very well marked higher order reflections indicative of 


smectite. In a grey sample of clay, (DR6), from the debris of landslide 1, a significant 
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Figure 5.6 Diffractograms for clay fraction of intact Paleogene volcaniclastic material 


from the Salmon Valley (Glycolated). S=Smectite, |=lllite, K=Kaolinite, F=Feldspar. 
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Figure 5.7 Diffractograms for clay fraction of sheared Paleogene volcaniclastic material 


from the Salmon Valley (Glycolated). S=Smectite, |=lllite, K=Kaolinite, F=Feldspar. 
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Table 5.5 Relative amounts of major clay minerals in clay fraction of the Salmon River 


samples. . 
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amount of illite is present. SEM observations detailed below indicate this was mica (Plate 
5.9). 

The amount of smectite varied between 88% and 99% (Table 5.6). The only 
significant reflections obtained for non-clay minerals were those of potassic feldspar 
which was present in all samples. No distinction can be made between the three fabric 


groups on the basis of the diffractograms. 


5.5.3 Neogene Samples 

A more diverse clay mineralogy is indicated in the 6 diffractograms in the 
glycolated Neogene samples in Figs. 5.10 and 5.11 and in the relative amounts of clay 
minerals present in Table 5.7. 

Tuff from beneath the plateau lavas at Gorge Creek (NG3) has a diffractogram 
similar to older pyroclastic material in the main Deadman Valley. The diffractogram is 
dominated by intense, sharp smectite peaks-at 17 A and feldspar reflections are also 
present. In tuffs from Chasm Creek (NG1, NG2), whilst the smectite peak is sharp and well 
defined higher order peaks are not as well defined, as those observed on the Paleogene 
diffractograms. Small amounts of illite and kaolinite are also present in the Chasm Creek 
samples. 

Volcaniclastic materials from beneath plateau lavas along the Chilcotin River (NG4, 
NG5) show a more heterogeneous assemblage of clay minerals and this is thought to 
reflect the detrital origin of these materials. Diatomaceous clay from the Redstone 
landslide (NG4), for example shows a dominance of illite whilst NG5 shows a significant 
presence of kaolinite. 

The results of the X-ray diffraction analysis are summarised in the triangular 


diagram in Fig. 5.12. 


5.6 Microstructure of Undisturbed Paleogene Volcaniclastics - Salmon River 
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Figure 5.8 Diffractograms for the clay fraction of intact Paleogene volcaniclastic material 


from the Deadman Valley (Glycolated). S=Smectite, I=Illite, K=Kaolinite, F=Feldspar. 
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Figure 5.9 Diffractograms for the clay fraction of sheared and remoulded Paleogene 


material from the Deadman Valley (Glycolated). S=Smectite, I=Illite, K=Kaolinite, 


F=Feldspar. 
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Table 5.6 Relative amounts of major clay minerals in the clay fraction of the Deadman River 


sampies 


DRI 
DR2 
DR3 
DR4 
DR5 
DR6 


*SMECTITE 
98.0 
89.0 
29.0 
91.0 
96.0 
88.0 


*CHLORITE 


® ILLITE 
2.0 
10.0 


*KAOLINITE 
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Figure 5.10 Diffractograms for the clay fraction of intact Neogene volcaniclastic material 


(Glycolated). S=Smectite, l=Illite, K=Kaolinite, F=Feldspar. 
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Figure 5.11 Diffractogram for the clay fraction of sheared Neogene volcaniclastic material 


(Glycolated). S=Smectite, l=Illite, K=Kaolinite, F=Feldspar. 
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Table 5.7 Relative amounts of major clay minerals in the clay fraction of Neogene 


volcaniclastic materials. 


% SMECTITE %CHLORITE % ILLITE %KAOLINITE 


NGI S120 <== oO. 4.0 
NG2 81.0 eas 0 Lind 
NG3 33.0 cdi 18 1.0 
NG4 37.0 Bas So00 8.0 
NG5 34.0 1250 30.0 24.0 


NG6 73.0 =—— 6.0 2An.0 
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5.6.1 SR1 - Twig Creek Tuff 

The grain system in the Twig Creek Tuff contains a number of components and 
includes angular clasts of Palaeozoic chloritic schist as well as angular quartz fragments up 
to 30 mm long. Grains smaller than 20 mm appear to be angular biack pyroclastic 
fragments of basalt. The grains occur in a matrix which has two major components: a 
brown amorphous material with a resinous lustre, which is so soft that it can be easily 
indented with the point of a steel needie, and scattered patches of a white microcrystalline 
mineral which can easily be scraped with a needle and does not react with HCl. It occurs 
as a void filling and as cement around larger grains. Calcium carbonate is present, 
however, in small amounts. It is noted that the brown resinous material formed clay films 
on prepared shear surfaces during direct shear tests on the Twig Creek Tuff. At the 
natural scale the tuff is matrix supported. 

In thin section (Plate 5.1) grains are noted up to 600 micrometres in size. These 
consist of vesicular, embayed volcanic rock fragments and crystal euhedra. Euhedra are 
partially corroded and fractured. The grains occur in a matrix that contains smaller rock 
fragments between 100 and 200 micrometres in length, fragments of broken euhedra and 
microlites. However, the matrix is dominated by an amorphous microcrystalline 
groundmass which is isotropic to faintly anisotropic under crossed nicols. This is 
interpreted to be volcanic glass dust which is mostly altered to clay. There is evidence of 
ghosts of particles within the matrix making the delimitation of grain matrix borders very 
difficult (Plate 5.1). At the scale of the thin sections, the tuff is matrix supported. 

In the SEM, as seen in Plate 5.2, the matrix is dominated by clay particles showing 
edge-to-—edge (EE) and edge-to-—face (EF) contacts. Matrix components also include 
euhedral particles between 5 micrometres and 10 micrometres in length. 
Intra-assemblage and inter—assemblage pore space appears to be considerable and some 
trans—assemblage pores are seen. Larger voids resemble irregular cavities. Into some of 
these cavities elongate needle-shaped crystals up to 40 micrometres long have grown. 
Sand size grains up to 200 micrometres in diameter clearly show clay coatings in which 
the clay platelets are attached perpendicularly to the grain surface (Plate 5.2). A chemical 
precipitate, probably calcium carbonate, also coats some grains. Unidentified tabular 


fibrous particles up to 20 micrometres thick are also observed. Clay particles are thought 
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A. PLANE POLARISED LIGHT. NOTE CORRODED CRYSTAL EUHEDRA (C) AND 
ANGULAR FRAGMENTS OF VOLCANIC ROCK (V) SOME OF WHICH EXHIBIT 
PRONOUNCED EMBAYMENTS AND VESICLES. MATRIX CONSISTS OF SMALLER 
LITHIC FRAGMENTS, GLASS, AND CLAY (MAINLY MONTMORILLONITE). 
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B. CROSS-POLARS. BLUE GREY AREA OF MATRIX CORRESPONDS TO 
DISTRIBUTION OF AMORPHOUS GLASS AND CLAY. 
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Plate 5.1 Photomicrographs of intact Twig Creek Tuff (SR 1). 
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to be dominantly montmorillonite both on the basis of XRD results and their morphology. 
They occur as an important element in the matrix and as grain coatings in an open fabric 


which is matrix supported. 


5.6.2 SR2 - Red Tuff 

The Red Tuff consists of pumiceous fragments up to 5 mm in size. These grains 
tend to be irregular in shape with many vesicles. Large euhedra which include plagioclase 
feldspar up to 2 mm long are also a component in the grain system in Domain A. The 
grains are set in a soft red microcrystalline matrix which has a resinous lustre. In this 
respect it is similar in appearance to the matrix of the Salmon River Tuff and the Twig 
Creek Tuff, and it is the same red clayey material that forms the slickensided films on 
sheared pre-cut surfaces during shear tests described in the following chapter. A hard 
white mineral, a form of silica, fills some embayments and vesicles and also occurs as 
irregular pods and cement throughout the rock. In Domain A the tuff is matrix supported 
and individual grains are easily dislodged from the matrix with a steel needle. 

Under the polarising microscope, the fabric in Domain B is dominated by large 
pyroclastic fragments of volcanic rock containing laths and other crystal shapes (Plate 5.3). 
The large grains are up to 1 mm long and show irregular outlines and many vesicles. The 
grains appear to be cemented by a clear mineral which is thought to be opal since it is 
isotropic and white (Plate 5.3.). The material appears to have replaced the matrix where it 
occurs. The same white isotropic silica occurs as vesicle fillings. Some grains are 
euhedra, many of which are broken and corroded. The matrix consists of an isotropic 
microcrystalline amorphous material which is brown-orange under plane-polarised light 
and dark grey under crossed nicols. It also contains smaller rock fragments, fragments of 
euhedra and microlites. In Domain B the material is grain supported and the grains are 
partially cemented by isotropic silica. 

In Domain C (Plate 5.4) the matrix is dominated by montmorillonite particles and a 
fibrous mineral thought to be a zeolite. Euhedral crystals of secondary minerals up to 100 
micrometres long are elements in the grain system together with both rounded and highly 
fragmented grains up to 500 micrometres in diameter. Some of these grains are quartz. 


Frothy montmorillonite coatings occur on some grains and are smeared in places. 
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Plate 5.3 Photomicrographs of intact Red Tuff (SR2). 
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Contorted aggregates of montmorillonite indicate the growth of secondary fibrous 
minerals following the formation of the clay. Montmorillonite appears to be the result of 
replacement of pyroclastic fragments. Inter-assemblage pores are not so marked as in 
SR1 and individual assemblages are not so well defined within the matrix. The tuff is 


matrix supported in Domain C. 


5.6.3 SR3, SR4: Salmon River Tuff 

In Domain A the Salmon River Tuff is very similar to the Twig Creek Tuff with the 
exception that fragments of Palaeozoic chloritic schist are absent. The grains are of 2 
types; angular black aphanitic basaltic fragments and angular reddish-brown scoriaceous 
pyroclastic fragments. Grains vary is size from 1 mm to 10 mm but are generally in the 
range 1mm-—- 3mm. In field exposures large blocks of basaltic lava about 35 cm long 
were observed. Grains are set in a soft brown resinous matrix from which the grains are 
easily dislodged by the point of a steel needle. This is the case even for the freshest 
sample examined. Local disaggregation results from applying dilute HCI indicating that the 
matrix is locally rich in carbonates. As reported in the previous chapter calcareous clays 
are common as discontinuity fillings in outcrops of the Salmon River Tuff. 

As can be seen in Plate 5.5, the microfabric in Domain B is very complex as a result 
of undergoing alteration probably by deuteric fluids. Grains are dominated by 
much-embayed, vesicular pyroclastic fragments some of which appear to have undergone 
almost complete alteration giving rise to ghost textures. Reticulate veins of calcite 
traverse the material. Calcite is also present as a grain replacement and void filling in 
characteristic cauliflower-—like masses. Zeolites are also present as void fillings. The 
fabric in Domain B is matrix supported. The matrix consists of submicroscopic masses of 
amorphous material much of which is clay. Some zeolitic component is also present (Plate 
5.5) as well as microlites and euhedra fragments. 

In the SEM microphotograph in Plate 5.6, pyroclastic particles of all shapes with 
vesicles and tubes are noted. These particles make up the grain component of Domain C 
in the Salmon River Tuff and are up to 400 u in diameter. Bubble replacement textures are 
common and are illustrated in Fig. 5.17. Most clay particles are montmorillonite and are in 


edge-to-—edge and edge-to-face contact. Montmorillonite also occurs as grain coatings. 
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A, PLANE POLARISED LIGHT. NOTE EMBAYED, VESICULAR LITHIC 
PYROCLASTIC FRAGMENTS. GLASS SHARDS AND DUST IN ADDITION 
TO CLAY MAKE UP MATRIX. 


See 4 
ee a : of ¥- ak . pes ; 
B. CROSS-POLARS. NOTE RETICULATE VEINS OF CALCITE (V), AMORPHOUS 


AREAS OF CLAY (C), FRAGMENTAL MATRIX (M), AND IRREGULAR OUTLINE 
OF LITHIC PYROCLASTIC FRAGMENTS. 


500 a 
Plate 5.5 Photomicrographs of unweathered Saimon River Tuff (SR3,SR4). 
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Some grains are opalescent and are probably isotropic silica) Several euhedral crystals of 
a fibrous mineral are noted. Silt-size glass bubbles up to about 50 micrometres in 
diameter are observed throughout the fabric and the shells are replaced by 
montmorillonite. Some are also filled by montmorillonite. Montmorillonite is therefore 
present in matrix sites, and grain replacements and as grain coatings. 

Intergrain and inter—assemblage pores are variable in size. Large trans—assemblage 


pores up to 30 uy in diameter also occur in a matrix—supported fabric. 


5.7 Microstructure of Undisturbed Paleogene Volcaniclastics - Deadman River 
Remoulded smectite-rich clays are commonly found in the landslide debris of the 
Deadman River Valley between Clemes Creek and Gorge Creek. Undisturbed clays, i.e., 
clays not having been remoulded by slope movement, are found in slope exposures south 
of the main landslide area and also as large blocks within landslide debris exposed in road 
cuts through the toe areas of the landslide. In both cases, surface exposures were 
samples and the extent to which these clays have been altered, or perhaps produced, by 
weathering processes is not known. As mentioned in Chapter 3, the precipitous walls of 
the head and lateral scarps of the landslides did not permit in-situ rock samples to be 
collected. Because of the extremely friable nature of the clays, thin sections were not 


prepared. 


5.7.1 DR1: Yellow Clay - Cache Creek Road 

DR.1 is an extremely slick gritty, yellow, cloddy, clay dominated by smectite clay 
minerals. In the SEM grains in the initial fabric appear to have been interlocking euhedra of 
feldspar varying between 20 and 40 micrometres in length (Plate 5.7). These have 
undergone partial replacement by montmorillonite. The matrix is composed only of 
montmorillonite particles. This clay is interpreted to be an altered crystal tuff. 

Voids are not extensive and assemblages are not well defined. Although the clay is 
grain—supported much of the grains have undergone the replacement by montmorillonite, 
effectively producing a matrix supported microfabric. This illustrates the effect of 
alteration processess in highly alterable volcaniclastic materials in changing grain—matrix 


relationships. 
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NOTE; INTERLOCKING EUHEDRA OF FELDSPAR UNDER- 
GOING REPLACEMENT BY MONTMORILLONITE. 


Plate 5.7 SEM micrographs of DR1 
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5.7.2 DR5: Bat Clay 

The fabric of the Bat Clay (Plate 5.8) collected from a hillslope exposure is 
dominated by montmorillonite clay particles which occur at matrix sites and as grain 
replacements. Grains consist of partially replaced euhedra and amorphous particles which 
are probably quartz. The shape of the amorphous particles varies from angular to 
rounded; these particles average about 10 in size. Irregular voids occur throughout the 
sample. Void spaces are noted at the trans—assemblage scale and may be up to 20 p in 
width. Intra-assemblage pores are also marked. Inter-particle voids, up to 5 
micrometres in width, are common throughout the fabric and appear to have been 
enlarged by solution processes. Montmorillonite also acts as a grain coating in the 


microfabric which is matrix supported. 


5.7.3 DR6: Grey Clay 

The sample of grey clay was collected from a fresh undisturbed block contained 
within the debris of landslide 1 exposed in aroad cut at its toe. It is grey in colour and 
appeared to have a high mica content. This is reflected in the results of the XRD analysis 
discussed below. In the SEM (Plate 5.9) mica particles up to 100 micrometres wide were 
observed to be an important element in the grain component of the microfabric in Domain 
C. Other grains consist of angular amorphous pyroclastic particles up to 200 
micrometres in length. The matrix is dominated by montmorillonite but grain fragments are 
also present. As seen in Plate 5.9, the clay is matrix—supported. Voids are not as 
pervasive as was found to be the case in the Bat Clay. Interparticle voids up to 5 
micrometres in width occurred, some inter—assemblage voids are also noted. Grains do 


not appear to be replaced by montmorillonite. 


5.8 Microstructure of Undisturbed Neogene Volcaniclastic Materials 

Undisturbed samples of a variety of Neogene volcaniclastic materials were 
collected from exposures at Gorge Creek, Chasm Creek and the Chilcotin River. The 
materials are from the basal volcaniclastic assemblage of the Neogene volcanic succession 


as discussed in Chapter 2. 
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A. NOTE NATURE OF TRANS-ASSEMBLAGE PORES. 
GRAINS CONSIST OF PARTIALLY REPLACED 
EUHEDRA (E) AND MATRIX DOMINATED BY 
MONTMORILLONITE . 


B. AMORPHOUS GRAIN (A) IN A MONTMORILLONITE 
MATRIX (M). NOTE CHARACTERISTICS OF INTRA- 
ASSEMBLAGE PORE SPACE. 


Plate 5.8 SEM micrograph of DR5 
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5.8.1 NG1: Chasm Tuff C 

The sample was collected from the same location in Chasm Creek as Tuff B 
described above. It is white fine grained tuff in which the matrix in Domain A is 
submicroscopic. Grains scattered throughout the material consist of crystal fragments, 
mainly quartz, less than 1 mm in diameter. The occasional lithic fragment less than 1 mm in 
diameter is also seen. The matrix is soft, being easily indented with a steel needle and the 
grains can be picked out of the matrix with little effort. Specks of magnetite are also 
seen throughout the matrix. The material is matrix—supported in Domain A. 

In thin section (Plate 5.10) the grain component of the matrix—supported 
microfabric is seen to consist of several elements. It includes isolated lithic fragments up 
to 200 micrometres in size, fragments of opaque minerals, crystal fragments of feldspar 
and quartz up to 300 micrometres in size and isotropic glass particles up to 500 
micrometres in length. The glass particles are shard-like in shape and also include frothy, 
vesicular particles (Plate 5.10). The ae consists of amorphous glass dust which is 
partially altered to clay, as well as smaller fragments of rock and minerals. 

The microfabric in Domain C is shown in SEM photographs in Plate 5.1.1 Grains 
observed in this domain are mainly glass shards and bubbles, some of which show the 
egg-shell characteristics noted in the Gorge Creek Tuff (NG3) described below. Many of 
the glass particles have been replaced totally or partially by montmorillonite. The matrix 
consists of montmorillonite. The microfabric is characterised by extensive pores at all 
scales. Large trans—~assemblage voids occur up to 20 micrometres in diameter, and 
tubular inter—assemblage pores up to 4 micrometres in diameter give the montmorillonite 


matrix a swiss—cheese texture. 


5.8.2 NG2: Chasm Tuff B 

The tuff is white to buff in colour and in Domain A fragments up to 2 mm in 
diameter make up the grain component. The fragments are dominantly clear angular 
particles of quartz which are in the 0.5 mm to 2 mm size range. Other grains are angular 
lithic fragments up to 2 mm in length and crystal euhedra. The matrix is submicroscopic 
but is speckled by fragments of mafic materials and magnetite. The matrix is surprisingly 


resistant to the point of a steel needle and the quartz fragments could not be pried from 
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A. PLANE POLARISED LIGHT. GRAIN. COMPONENTS DOMINATED | BY GLASS 
SHARDS (S) SOME OF WHICH ARE FROTHY (F). 


| =<" oo, r j . 4 ASS ee 
B. CROSS POLARS. NOTE FROTHY VESICULAR GLASS PARTICLES (G), 
FRAGMENTS OF FELDSPAR (F) AND QUARTZ (Q). MATRIX IS 
AMORPHOUS AND IS DOMINANTLY GLASS DUST PARTIALLY ALTERED 
TORCEAY., 
Plate 5.10 Photomicrograph of intact Neogene tuff, Chasm Creek (NG1). 
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the matrix with ease. 

In thin section (Plate 5.12) the grain component is dominated by angular crystal 
fragments up to 400 micrometres in length. These are dominantly quartz but feldspar is 
also present. The grains are set in a submicroscopic matrix which is a mottled brown in 
plane polarised light and is mainly isotropic under crossed nicols. The matrix is thought to 
be altered glass dust with small lithic and crystal fragments, including much quartz. In Plate 
5.13 an enlargement is shown of the matrix between a vesicular glass particle and a 
felspar grain. Both particles have undergone considerable alteration to clay. The nature of 
the matrix is also shown and it is noted that the alteration to clay is spatially discontinuous. 
In Domain B the tuff is matrix supported. 

In Domain C, SEM micrographs (Plate 5.14) show a matrix—supported microfabric 
in which the grains consist of vesicular glass fragments with considerable intra—particle | 
pore space. Glass particles show the effect of airbourne transport surface (Plate 5.14) 
and show partial replacement by montmorillonite. The matrix is dominated by 
montmorillonite which also occurs as grain coatings. The microfabric is typified by 


extensive inter-— and intra—assemblage pores. 


5.8.3 NG3: Gorge Creek Tuff 

A yellow tuff-clay was collected from a road cut above Gorge Creek in the 
Deadman River valley. A Neogene age was assigned to the material because of its 
proximity to the base of the plateau lavas at the site and also on the basis of aK/Ar date 
reported from the vicinity by Mathews (1964) which indicated a Mio—Pliocene age. 

It is a fine grained material although occasional quartz fragments and brown-red 
vesicular pyroclasts are noted in the microfabric in Domain A. 

In Domain C the grain component of the microfabric is dominated by oddly shaped 
glass fragments (Plate 5.15) up to 60 micrometres in length and partially broken or altered 
euhedra up to 100 in length. Some glass particles resemble egg shells and are hollow. 
Others show classic bubble-wall replacement and infilling by montmorillonite. The 
microfabric is dominated by inter—particle pore space and is grain supported only in the 
sense that former grains are in contact. As can be seen in Plate 5.15 the majority of the 


grains have been replaced by montmorillonite effectively changing the fabric to a 
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A. PLANE POLARISED LIGHT. GRAIN COMPONENT DOMINATED BY ANGULAR 
CRYSTAL FRAGMENTS INCLUDING QUARTZ (Q) AND FELDSPAR (F). 


B. CROSS POLARS. NOTE FELDSPAR FRAGMENTS (F) AND MOTTLED NATURE 


OF MATRIX OF GLASS DUST PARTIALLY ALTERED TO CLAY. LITHIC 
AND CRYSTAL FRAGMENTS ARE ALSO SEEN. 


Plate 5.12 Photomicrographs of intact Neogene tuff, Chasm Creek (NG2) 
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aud eee, a “te 
A, PLANE POLARISED LIGHT. GRAINS ARE VESICULAR FROTHY GLASS 


eer (G) AND FELSPAR (F). NOTE MOTTLED APPEARANCE OF 
X. 
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B. CROSS POLARS. NOTE FELDSPAR FRAGMENT ENCLOSED IN GLASS PARTICLE. 
ALTERED AREAS OF GLASS DUST MATRIX ARE DARK BROWN. GREY 
COLLOFORM TEXTURE APPEARS TO BE GLASS. 


Plate 5.13 Photomicrograph of grain-matrix relationship in intact Neogene tuff, 


Chasm Creek (NG2). 
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matrix—supported one. Many grains have montmorillonite coatings. 


5.8.4 NG4: Redstone Clay B 

This brown finely laminated clay, with slickensided joint surfaces, was collected 
from the shear zone of the Redstone landslide discussed in Chapter 3. It is lacustrine in 
origin and in SEM photographs (Plate 5.16) a more typical detrital clay microstructure is 
observed (cf. Barden, 1972). Although the sediment is of detrital origin there is a 
significant proportion of pyroclastic grains in the microfabric. 

The grain component of the microfabric in Domain 3 consists of angular 
amorphous fragments up to 20 micrometres in length which are probably pyroclastic in 
origin. In addition euhedra of pyroclastic origin can be seen. The matrix consists of a 
variety of clay mineral particles including kaolinite, montmorillonite and illite. Pore space at 
all scales is common throughout the matrix—supported microfabric as seen in Plate 5.16. 
It is noted that indications of the operation of secondary processes (e.g., corroded or 


replaced grains) are not present in the material. 


5.8.5 NG5: Redstone Clay C 

A light brown to buff clay was collected from above Clay B at the Redstone 
landslide. The grains are the skeletal remains of diatoms which occur up to 40 
micrometres in diameter. The siliceous shell of the diatom has considerable intraparticle 
pore space (Plate 5.17). The diatoms are preserved in a matrix of smaller diatom 
fragments and clay particles which include montmorillonite, kaolinite and illite. The 
diatomaceous clay has a lacustrine origin and is matrix supported. Pore characteristics in 


the microfabric of Domain 3 is seen in Plate 5.17. 


5.9 Microstructure of Sheared and Remolded Volcaniclastic Materials 

Samples with a disturbed microfabric were collected from shear zones of 
landslides and debris of flow-—type landslides which had undergone remoulding during 
flow movements. The objective of the exercise was to examine the effect of shearing 
and remoulding on fabric particularly with respect to void characteristics and grain—matrix 


relationships. 
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A. NOTE GRAINS (G) IN CLAY MATRIX AND FRAGMENTS OF 
EUHEDRAL CRYSTALS (E). INTER-ASSEMBLAGE AND 
TRANS-ASSEMBLAGE PORE SPACES LESS WELL 
DEFINED. 


B. INTER-PARTICLE PORE SPACE WELL MARKED AT P. 
NOTE ARRANGEMENT OF CLAY AND SILT SIZE PARTICLES. 


Plate 5.16 SEM micrograph of NG4 
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A. DIATOM DEBRIS AND CLAY PARTICLES IN MATRIX. NOTE 
LARGE INTER-ASSEMBLAGE PORE SPACES (1). 


20HM 20kKyV 19 


B. DIATOM SHOWING INTRA-PARTICLE PORE SPACE. NOTE 
INTERPARTICLE (P) PORE SPACE IN MATRIX. 


Plate 5.17 SEM micrograph of NG5 
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The effect of shearing, remoulding and flowage on the microfabric of soils has 
been investigated in detail by anumber of workers. Using the polarising microscope, 
Weymouth and Williamson (1953), Mitchell (1956), and Morgenstern and Tchalenko (1967) 
examined the change in microfabric which resulted from flowage, remoulding and shearing 
respectively. In work which utilised the Transmission and Scanning Electron Microscope 
the effect of remoulding and shearing on microfabric has been analysed by Pusch (1970), 
Foster and De (197.1), McKeyes and Young (197.1), Bennett et. a/. (1981) and Lupini et. a/. 
(198 1). 


5.9.1 SR8: Hummingbird Tuff, Adelphi Creek Landslide 

Planar slickensided surfaces and wispy aggregates are found throughout the 
material (Plate 5.18) which was collected from the basal shear zone of the Adelphi Creek 
landslide. Shear surfaces consist of montmorillonite and involved the matrix of Domain C. 
A result of the shearing is that more particles in the matrix have face-to-face contacts 


and inter—particle and inter—assemblage pore spaces are reduced. 


5.9.2 SR5: Salmon River Tuff, Shell Creek Landslide 
Slickensided surfaces consisting of matrix montmorillonite are observed 


throughout the microfabric (Plate 5.19). 


5.9.3 SR6, SR7: Salmon River Tuff, Jupiter Creek Landslide 

Slickensided surfaces developed in matrix montmorillonite are observed in the 
SEM micrographs in Plate 5.20. The fabric shows a lack of aggregation when compared 
to the undisturbed samples. Face-to-face contact in the montmorillonite matrix is more 
common and bonding of clay particles occurs. Plate 5.20 illustrates angular grains up to 
15 micrometres in diameter which are coated with montmorillonite. These grains appear 


to be fragmented pyroclasts. 
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B. WISPS OF CLAY INDICATING MICROSTRUCTURE 
DISTURBANCE IN DOMAIN C. 


Plate 5.18 SEM micrographs of sheared Hummingbird Tuff (SR8) 
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B. SLICKENSIDED SHEAR SURFACE. 


| lide. 
Plate 5.19 SEM micrographs of sheared Salmon River Tuff, Shell Creek landsili 
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SALMON SHEAR == ZONE 
10M 20KY¥ 06 O12 Sg 


A. SHEAR SURFACE SHOWING SLICKENSIDES AND 
FLATTENED CLAY PARTICLES. 


SALMON SHEAR ZONE 
—— 20PM = 20KV 06 
B. MONTMORILLONITE MATRIX SHOWING FACE-TO-FACE 
BANDING. 


Plate 5.20 SEM micrographs of sheared Salmon River Tuff, Jupiter Creek 
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5.9.4 DR4: Brown Clay 

SEM photographs (Plate 5.21) of clay collected from a shear zone at the toe of 
landslide 3 show concentration of clay particles into wavy, tightly packed seams about 30 
micrometres thick. Plate 5.21B is a view perpendicular to a slickensided shear surface and 
very fine multidirectional striations are seen. Deeper grooves indicative of uneven 
ploughing are noted in Plate 5.21C. In Plate 5.2.1D unidentified thin rectangular particles 
about 20 micrometres long are oriented parallel to the direction of sliding and give the 
impression of being stacked up. This is interpreted as being the result of re—orientation 


during sliding. 


5.9.5 DR2: Hi-Hium Clay 

In both remolded Deadman Valley clays there are no marked slickensides indicative 
of movement (Plate 5.22). A disruption of the fabric is suggested, however, and pore 
spaces are more extensive than intact materials. The pyroclastic grains sit ina 


montmorillonite matrix in which no obvious re-orientation has taken place. 


5.9.6 DR3: Yellow Clay - Landslide 1 

This sample is a yellow clay taken from landslide debris and had been subject to 
remoulding during flow. As with DR2, an absence of slickensides is noted. The 
microfabric is grain supported in places, as can be seen in Piate 5.23, suggesting that 


microfabric disturbance has taken place. 


5.9.7 NG6: Bull Canyon Clay 

A yellow-buff clay was taken from the exposed shear zone of the Bull Canyon 
landslide along the Chilcotin River. Highly oriented planar slickensides at a variety of scales 
are observed in SEM photographs (Plate 5.24). There are indications of directional 
changes at different scales and uneven ploughing (Plate 5.24). Definite layering and 


face-to-face alignment can be observed in bands of clay particles. 
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A. MONTMORILLONITE MATRIX. NOTE INTER-ASSEMBLAGE 
PORE SPACE (1). 
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B. EUHEDRAL GRAIN (E) SET IN MONTMORILLONITE 
MATRIX. 


Plate 5.22 SEM micrographs of DR2 
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A. REGION OF GRAIN SUPPORT PROBABLY RESULTING 
FROM REMOULDING PROCESSES. NOTE FRAGMENTS 
OF EUHEDRAL GRAINS (E), INTER-PARTICLE (I), 
AND INTER-ASSEMBLAGE PORE SPACE (A). 


B. MONTMORILLONITE MATRIX. 


: 


Plate 5.23 SEM micrographs of DR3 
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5.10 Discussion and Conclusions on the Microstructure of Volcaniclastic Rocks 

The microstructure of the Tertiary volcaniclastic rocks examined here is a complex 
response to the initial processes of deposition, secondary processes of alteration and 
tertiary processes of weathering, remolding and shearing. With respect to the 
microstructure of undisturbed materiais, a hierarchical multi-grain system was established 
in which 3 microstructural domains were established (Fig. 5.5). 

Grain—matrix relationships were established for each domain and the microfabric 
was generally found to be matrix—supported at all scales. An important exception was the 
Paleogene Red Tuff from the Salmon Valley which was found to be grain—supported in 
Domain B (Plate 5.3). 

In Domain A the grains are in excess of 500 micrometres in size (ash or medium to 
cOarse sand) and consisted of lithic pyroclastic fragments. These fragments were 
generally vesicular but some were aphanitic. Again, important exceptions were noted (e.g., 
Chasm B-NG2) in which quartz particles made up a substantial portion of the grains in this 
domain. The matrix appeared to be a soft amorphous resinous material in Paleogene 
pyroclastic rocks whilst in the Neogene samples examined it tended to be powder-like. 

Grains in Domain B are defined in the size range 500 micrometres to 75 
micrometres, i.e., in the medium to fine sand/fine ash range. As in Domain A grains tend to 
be lithic fragments many of which are vesicular or amygdaloidal (Plates 5.1, 5.5). In 
Neogene rocks they also include frothy glass fragments (Plates 5.10, 5.13). An important 
element in the grain component of the microstructure in Domain B is the occurrence of 
euhedra of feldspar (Plates 5.5, 5.13) and fragments of quartz (Plate 5.12) and other silicon 
oxides. The matrix is a microcrystalline amorphous material which varies in colour in plane 
polarised light from white to orange to brown to dark brown. Within this material which 
contains pyroclastic dust much of which is altered to clay, are smaller lithic and crystal 
fragments. 

In Domain C grains consist of silt size volcanic dust (< 75 micrometres > 2 
micrometres) which are fragments of minerals (e.g., mica), eunhedra (Plate 5.7) and lithic 
materials. In Paleogene rocks no glass fragments were directly observed, all having been 
replaced by montmorillonite (e.g., Plate 5.6). However, in Neogene material glass 


fragments make up a substantial proportion of the grain in this domain (e.g., Plates 5.11, 
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5.15). The matrix in both types of materials is dominated by clay minerals. 

X-ray diffraction and analysis of the < 2 micrometre portion of these 
volcaniclastic materials (i.e., matrix materials in Domain C) showed the clay mineralogy to be 
dominated by smectite clays (Fig. 5.12). Other clays were important in the Neogene 
volcaniclastic sediment collected from the Redstone landslide. Feldspar was the only 
non-clay mineral to give significant reflections on the diffractograms. 

Based on SEM observations, the smectite is in the form of montmorillonite which 
appears to result from diagenesis. The evidence for the diagenetic origin as opposed to 
an allogenic origin includes the delicate form of the clay particles, their location with 
respect to replacement sites, and their presence as grain coatings. In the Salmon River 
Tuff (SR3, SR4) it is also possible that deuteric alteration may have contributed to the 
formation of the clays (cf. Plate 5.5). 

The montmorillonite originates from the alteration of volcanic glass and feldspar 
crystals as well as being precipitated from groundwater. Plates 5.6, 5.11 and 5.15 show 
volcanic glass replacement structures whilst in Plates 5.7 and 5.8 feldspar crystals are 
shown partially replaced by montmorillonite. Lace-like trails of montmorillonite (Plate 
5.15) and grain coatings (Plate 5.2) are evidence of direct precipitation from groundwater. 
Diagenetic silica has contributed to intergranular cement in the case of the Red Tuff as 
mentioned above. 

The formation of diagenetic montmorillonite has important geotechnical 
consequences. Montmorillonite has formed at grain as well as matrix sites. The cohesion 
and frictional components of matrix shear strength would be expected to be reduced in all 
domains in material which has undergone diagenesis. In addition the cohesion of the 
grain—matrix contact is also reduced. Grain coatings and limited replacement of glass and 
feldspar within lithic fragments, evident from embayed and etched grain boundaries, would 
be expected to reduce the frictional resistance and compressive strength of the grains, 
respectively. 

The microstructure of volcaniclastic materials is also characterised by a very open, 
porous microfabric characterised by large inter—-assemblage pores. This aspect of the 


microstructure is evident in most of the SEM micrographs. 
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Two volcaniclastic sediments from the Redstone landslide area show significant 
differences in microstructure when compared to the pyroclastic materials. In the clay 
mineralogy the percentage of non-smectite clays in the clay fraction, calculated by the 
semi-— quantitative method referred to in Section 5.3, is significantly higher than other 
materials studied (Fig. 5.10), reflecting the contribution of clay from other sources. These 
materials are detrital in origin having been deposited in a lacustrine environment. The 
remainder of the samples studied were of airfall pyroclastic origin. 

Differences in microfabric were noted in disturbed samples. The formation of 
slickensides in the matrix of Domain C (Plates 5.20, 5.24), banding of clay particles (Plates 
5.21, 5.24) and the disturbance of the microstructure (Plate 5.20) were noted in samples 
from shear zones whilst remolded landslide debris exhibited an increase in pore sizes 
(Plate 5.23). 

Differences between the Paleogene and Neogene materials have been referred to 
in the discussion above. Diagenetic alteration appears more complete in the Paleogene 
materials and is manifested by the absence of volcanic glass particles which have been 


completely replaced by montmorillonite. 
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6. GEOTECHNICAL PROPERTIES OF VOLCANICLASTIC ROCKS 


6.1 Introduction 

A laboratory programme was carried out on selected volcaniclastic materials. The 
basis of sample selection was the role of these materials in slope movements in the 
Salmon Valley and at Chasm Creek which are analysed in the following chapter. The 
geotechnical behaviour of selected samples was characterised by a variety of engineering 
classification tests, estimates of the uniaxial compressive strength of the intact rock 
material (q,) together with the ultimate shear strengths of artificially prepared surfaces. 
The objectives of the laboratory programme were to investigate the relationship between 
microstructure and the geotechnical behaviour of those samples selected, and to provide 
parameters for the analysis of movement mechanisms in Chapter 7. The laboratory work 
carried out is summarised in Table 6.1. It may be noted that attempts to disaggregate 
sufficient of the selected volcaniclastic materials for grain-size analyses proved 
unsuccessful. 

The laboratory programme was carried out under several constraints which 
resulted from the character of the materials under examination. As discussed in the 
previous chapter, the material was either disturbed or undisturbed. Both types of material 
are friable due to surface weathering processes or alteration, and it was difficult to 
collect block samples that did not exhibit cracking of some magnitude. An effort was 
made to collect fresh samples by taking blocks from as deep within the slope as was 
possible but even these were found to crack during transport by backpack and vehicle. 
This aspect of the intact material involved considerable waste in sample preparation and 
limited the range of tests that could be carried out. 

It is noted that the geotechnical properties of pyroclastic and volcaniclastic rocks 
are not widely reported in the literature and lists of rock properties in textbooks and 


manuals frequently omit reference to this group of materials. 
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Table 6.1 Laboratory tests carried out on volcaniclastic materials. 


> OWN 
(or, es 
Wn meee 
fe) on 
ss oO oO 
ates —e 
af = 
ie) or 
=) < 
Twig Creek Tuff X 
SR2 Red Tuff X 


SR3 Weathered Salmon River Tuff 
SR4 Unweathered Salmon River Tuff 
SR10O Purple Volcanic Breccia 

Red Volcanic Breccia 


x< 
x< 
>< 
x< 


Chasm C Tuff 
NG2 Chasm B Tuff 
NG3 Gorge Creek Tuff 
NG4 Redstone C clay 
Redstone B clay 
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6.2 Dry Bulk Density, Porosity and Absorption Index 

The dry bulk density, &, was established by the water displacement method 
outlined in Gyenge (1977) and ISRM (1979). In this method a fragment of rock is 
oven-dried, weighed, coated with wax, weighed again and immersed in a measuring 
cylinder. The volume of water displaced is measured and corrected for the volume of the 
wax coating and \ is calculated by dividing the oven-dry weight by the corrected volume 
of water displaced. 

The results are given in Table 6.2 and it is seen that the Paleogene pyroclastics are 
approximately 20% denser than Neogene materials. Table 6.3 shows the values of for 
other Tertiary pyroclastic and volcaniclastic rocks reported in the literature and 
comparable values for 4 are seen. 

No porosity measurements were made directly but an estimate of porosity, n, was 
made from Equation 6.1 in which ¥ is the density of water and Gis the specific gravity of 


the particles making up the material. 
Y4= G (1-n)¥,, 6.1 


In this estimate G,was assumed to be 2.5 (cf. Keller's (1960) estimate of G,for tuff at the 
Nevada Test Site) since it reflects the vesiculated nature of some constituent particles. 
The void ratios were also calculated from this estimate of n and the results are found in 
Table 6.2. Estimated porosities vary between 10.7% and 43.2% reflecting the values of y 
being intermediate between soils and the more common rocks. 

The dry density and porosity measurements reported here result from the complex 
interaction of initial depositional density, diagenetic processes and loading history. Values 
of initial depositional densities for airfall tuff from Hekla (Thorarisson, 1967) and Mount 
St. Helens (Sarna—Wojicki et. a/ 1981) range from 9 KN/m to 17.8 KN/m?. These values 
are estimated for tuffs that have undergone compaction over periods of up to 1000 years 
since depostion, and the range in these values overlaps the range of the Tertiary rocks 
examined here. Low valus of % reflect the loose structure produced by rapid airfall 
deposition from a dense ash cloud and are comparable to those of loess. 

Pore-space reduction is expected to have taken place within a short time of 


depostion by the chemical precipitation of clay minerals (Almon et. a/. 1976; Davies et. a/. 
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Table 6.2 Dry bulk density and estimated porosity of intact volcaniclastic rocks. 


SAMPLE DRY DENSITY (KN/m) -&g POROSITY (%) - n 


SR] 21.47 
SR2 21206 
SR3 21.92 
SR10 17.85 
SR11 Abra 
NGI 18.63 
NG2 14.90 
NG3 14.90 
NG4 13.96 
NG5 15296 
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Table 6.3 Data on comparable Tertiary rock types from literature sources. 


SOURCE 


Bedded Tuff 

Bedded Tuff 

Friable Tuff 

Welded Tuff 

Tuffs and Tuffites 

Welded Tuff Ros 
Decomposed Tuff ails Weso 
Decomposed Tuff 44 . 639 
Basalt 20. /-comle ~ 


a 
a 
a 
a 
b 
C 
d 
d 
e 


Sources ; a-Keller (1960), b-Heitfeld et al. (1980), 
c-Morland and Hastings (1973), 
d-Corns and Nesbitt (1967), e-Deere and 
Miller (1966). 
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1979). Davies et. a/. (1979) show a 20% decrease in porosity in Tertiary volcaniclastic 
compared to equivalent contemporary deposits due to the production of authigenic 
montmorillonite and other minerals. Comparison with data from the Hekla and Mount St. 
Helens deposit suggests a pore space reduction of the same magnitude for the Paleogene 
and Neogene rocks studied here. This porosity may also be modified by the dissolution of 
pyroclastic material, or the dissolution of authigenic materials as discussed in Chapter 5. 
The fact that pores may be of hybrid origin (Schmidt and McDonald, 1979) was noted in 
scanning electron micrographs in the previous chapter. 

The effect of loading history is also of importance since both Paleogene and 
Necgene rocks come from basal locations in their respective volcanic successions. The 
presence of such highly porous materials at the base of volcanic successions does 
suggest that the effect of consolidation of these deposits has been reversed in relatively 
recent geological time and that this process may have contributed to the landslides that 
mark their location. 

For selected samples, an estimate of porosity was also made by the quick 
absorption test (ISRM, 1979) based upon the Weathering Index of Hamrol (1961). The test 
measures the Absorption Index (Al) which is defined as the mass of water contained in a 
rock sample after a 1 hr. period of immersion as a percentage of its original oven-—dry 
mass. The index has been found to be correlated with porosity and such properties as 
degree of alteration (Hamrol, 1961), where porosity is a product of weathering or 
alteration processes. It also can be correlated with shear strength (Rocha, 1964) and 
unconfined compressive strength (Serafim, 1964) due to porosity and mineralogical 
changes that are a response to alteration processes. Values of the absorption index (Al) 
determined on a number of rocks are seen in Table 6.4. 

Difficulty is found in applying this test to pyroclastic rocks because some samples 
slake completely when immersed in water for one hour (e.g. NG3). In addition, porosities 
in pyroclastic rocks are high due to factors other than weathering or alteration (i.e., initial 
depositional density, vesicular particles). For example, a Paleogene vesicular welded 
breccia from the Salmon River yielded Al = 18, a value in excess of the value of Al = 15, 


which, according to Rocha (1964), corresponds to a residual soil state in which the rock is 


completely diseggregated. 
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Table 6.4 Values of the Absorption Index (Al) obtained in the quick absorption test. 
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The relationship between estimated porosity and Al is seen in Fig. 6.1 and 


considerable scatter is seen in the plot. 


6.3 Slake Durability 

The water deterioration characteristics of 8 intact samples were established using 
the Slake Durability test. Other samples were too friable to be tested using this method. 
An estimation of the water deterioration characteristics of the material is important in 
estimating the role of long term strength changes (softening) and changes of slope stability 
with time (Morgenstern and Eigenbrod, 1974). The standard apparatus and method, 
recommended by Franklin and Chandra (1972) and ISRM (1979), were used. In this test ten 
lumps of material weighing approximately 500 g are subjected to two cycles of 6 hours 
drying and 10 minutes of tumbling and wetting. Distilled water was used in the test. The 
Slake Durability Index (SDI) is the ratio of the oven-dry weight of rock remaining in the 
drum after the 2 cycles of slaking to the initial oven dry weight expressed as a percentage. 

The Slake Durability Test is a measure of the ease with which water can enter the 
rock, the reaction of the fabric to the ingress of water (e.g., solution of cement, hydration, 
destruction of interparticle bonds) and the resistance of the rock material to this reaction 
in the form of intergranular strength (i.e., water sensitive cohesion). Franklin and Chandra 
(1972) found that the results of the Slake Durability test closely correlate with in-situ 
weathering performance. It was anticipated that the SD! would reflect the presence of 
swelling clay particles and the degree to which interconnected voids transmitted water to 
the swelling clay sites. The results are seen in Table 6.5. 

Whilst useful relative data were produced by the Slake Durability Test, viz. the 
Paleogene material exhibited less tendency to deteriorate in contact with water than 
Neogene material, the method produced misleading absolute results. For example, NG3, a 
Neogene tuff from Gorge Creek slaked completely within an hour when soaked for the 
absorption test and yet was estimated to be of medium slake durability in this test with SD! 
= 64.1%. Itis of interest to note the remarks of Goodman (1976) that the Slake Durability 
test is unsuitable for swelling materials as the clay near the surface of the lumps swells to 
occlude exterior pores thereby limiting access to the interior of the specimens. It is 


therefore concluded that the dynamic slake test is unsuitable for establishing the water 
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ESTIMATED POROSITY (%) 


10 20 
ABSORPTION INDEX 


Figure 6.1 Relationship between porosity and Absorption Index. 
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Table 6.5 Results of Slake Durability Tests. 


SAMPLE SDI SLAKING CLASSIFICATION’ 


EXTREMELY HIGH 
EXTREMELY HIGH 
VERY HIGH 


MEDIUM 
VERY HIGH 
MEDIUM 
HIGH 
MEDIUM 


SDI = SLAKE DURABILITY INDEX 
TACCORDING TO FRANKLIN AND CHANDRA (1972). 
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deterioration characteristics of the group of materials under examination. 

The relationship between porosity and SDI is seen in Fig. 6.2. A nomalously high 
slake durability in relation to porosity is exhibited by NG2 and NG4 probably reflecting the 
problem of occluded pores as well as the fact that both of these materials have a high 
degree of intra-particle pore space in the form of vesiculated glass particles and diatom 


skeletons, respectively. 


6.4 Point Load Strength and Estimated Uniaxial Compressive Strength (q,) 

Point load tests were conducted on materials involved in slope movements in the 
Salmon Valley and Chasm Creek. In addition, pyroclastic breccias and tuff from the 
Salmon Valley and Gorge Creek were tested to provide comparative data. Details of the 
test may be found in Broch and Franklin (1972) and Bieniawski (1974). As discussed by 

these authors, an approximation to the uniaxial compressive strength (q) may be obtained 
| by the test. It is particularly useful in estimating the q.of highly weathered, altered or 
friable rock as are the rocks considered here (cf. Fookes et. a/., 1971; Raphael and 
Goodman, 1979). Due to the lack of availability of samples, the effects of water content 
on the value of the Point Load Strength could not be evaluated. 

Irregular lumps of rock were obtained from large blocks which had been air dried. 
Irregular lump tests were then carried out according to the procedures followed by Broch 
and Franklin (1972). The following exceptions, however, were made to the procedure due 
to the availability of materials and their friable nature; 

(a) Values of the Shape Factor (S) defined as the ratios of the largest diameter to the 
shortest diameter, ranged from 1.18 to 3.3 in the tests carried out. Broch and Franklin 
(1972) recommend a maximum shape factor of 1.4 for the irregular lump test. However, 
the failure load (P) was found to be insensitive to the value of S over the range 
encountered in this study and is not thought to affect tne value of P obtained. 

(b) Broch and Franklin (1972) also recommend 20 as the minimum number of irregular 
lumps that should be tested. However, during the preparation of the irregular lumps from 
the larger blocks using a hammer and chisel, much of the block was reduced to a highly 


fragmented crumbly mass, mitigating against the testing of the recommended minimum 


number. 
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ESTIMATED POROSITY () 


S.D.I. 


Figure 6.2 Relationship between estimated porosity and Slake Durability Index (SDI). 
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The lumps were placed between the conical platens of the point load apparatus and 
the separation of the platens (D) measured. The platens were then driven toward each 
other by hydraulic jack and the load at which the rock lump failed (P) was measured ona 
dial gauge. 

The values of P were corrected for size effects (Broch and Franklin, 1972). In 
cases where the corrected value was below 300 KN/m: the corrected value was 
estimated. 

To obtain the Point Load Strength of the rock (I), following Broch and Franklin 
(1972), 


= P/D 6.2 


The Point Load Strength Index of the rock is the median value of |,and the results 
are presented in Table 6.6. An approximation to the unconfined compressive strength (qu 


) of the rock may be obtained by 
G.= 24 (I5)50 6.3 


Values of g, obtained by Equation 6.3 are shown in Table 6.6; these estimates are thought 
to be within 15% of the gq, of the intact rock substance in the air dry state. Values of q, 
varied between 4.70 MPa and 13.48 MPa. Under the Geomechanics Classification Scheme 
of Bienawaski (1978) they are considered to be very low strength (1-5 MPa) or low 
strength (5-25 MPa). 

Interrelationships between the estimated q, and the other geotechnical parameters 
are illustrated in Fig. 6.4. The dependence of g, on porosity is seen Fig 6.4A and reflects 
similar results by Fookes et a/. (197.1). The process by which porosity changes take 
place after valley excavation and the development of groundwater flow systems, 
therefore becomes important in controlling the threshold value of q, . gq, is also seen to 
be related to the Absorption Index (Fig. 6.3A). The limiting value of Al suggested by Rocha 
(1964) is not applicable to volcaniclastic rocks since a value of Al > 15 would imply q,, 
=0 which is not found to be the case. The relationship with SDI is not clear, reflecting the 
problem in the interpretation of the SDI results. At values of g, below 7MPa, there is a 


steep decline in SDI with qi. , but above this value there is no relationship. 


N aie hes ‘ 
> sve} im ” i hey 
5 es Pay me ‘/ "e » 


moe 


iD : 


4 YRCRE nities a bre roel ection ph narcarion an ’ 


re 7 a ' 1 
j EIEIO’ BT A cee nub batoamoaim tt wet 
< WS, ne os aa vi ne: me 
iivenl ture. flees) Ori hot aa door arts # Yo grunt felminil inadclo oF 


Ae . : : vf ee an i‘ i eee bes. 


i ' iva 
Sy i‘ i it : Hn a ‘5 ww Pave : ay : 
; r i ‘ « : : oan) ae, iy yt — 5 
: : aa i he i 
i 1) SL) eee H 
ips a } 
: i 


ig? | ait ” ao ¥ ees rf ] on 7 a | 
EE ‘ : i ude ; 

- net é wae ee e ape ’ trite eon og nerue ‘os od i rie © 8 2 : 

laas riog Gerry cay ont ot ni hantearage ae aa eicnT Pa van aY 


, a 


i wah . - ydibeniats do wd ws, fo odd 
ot i PL _ P. me: ie 


Sera tyre ADA RY yt ranee wr ei oe rs shire 
gig! se wo, tina ci , 
annataye ‘ial yt 

oi ngep ale dm. get 
we aia eu ae 
pein lucie, St aoe 
a) apa ti rable ae 1a : phe y 
oe pile oo waned ws 
et a s 


272 


Mb) ujBuess anissasdwod |eixeiun 4O SajzeUIysa pue $}Sa{ PFO] JUIOd JO S}INSAY 99 9/42] 


“yybuauzS MOT AUsA=TA 


©yqbuawis MOJ=7:(6Z6L) LYSMELUBLG JO UOLZESLYLSSe[J SOLUBYDIWOED = YD 
L 


(dW) Galsal 
XJGNI GVOT LNIOd } SLNAW9VY4 40 YAEWNN NOILVN9IS3SG J 1dWvS 


as oe es 


2f 


~~ z : | 


vie 
, ‘ iy 


PLIES: 


ESTIMATED POROSITY (%) 


ODATA FROM FOOKES et al. (1971) 


ABSORPTION INDEX 


SDI(%) 


4 8 12 16 
a, ESTIMATED FROM POINT LOAD TEST 
(MN/ me ) 


Figure 6.3 Interrelationships between estimated from the point load test and other 


geotechnical parameters. q,is the abcissa in each of the diagrams. 
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6.5 Direct Shear Tests 

Direct shear tests were carried out on four pyroclastic rocks and on material from 
the shear zone of the Jupiter Creek landslide. The samples were selected because they 
were associated with the landslides analysed in Chapter 7. The tests provide lower—bound 
shear strength data for the analysis of the translational sliding movement mechanism in 
which it is assumed that sliding takes place along pre-sheared surfaces in the 
volcaniclastic rocks. These data are in the form of ultimate angles of shear resistance of 
flat saw—cut surfaces which were found by Krahn and Morgenstern (1979) to give the 
best approximation to the ultimate shear resistance of a flexural slip surface in material 
from the Frank Slide. Residual shear strength data were for disaggregated Salmon River 
Tuff and fragmented material from the Jupiter Creek landslide shear zone. 

Four rocks were tested in a 5.1 cm. x 5.1 cm high capacity shear box Samples 
were cut by saw and sanded to fit the box. Prior to placement an artificial shear surface 
was prepared by diamond saw cut. Before shearing, the shear box was flooded for 24 
hours with distilled water. Examination of the rock blocks after the test confirmed that 
the shear surface was wet when sheared. Test data were recorded directly ona 
Hewlett-Packard XYY recorder. In all of the tests, a thin, slickensided film of clay 
developed on the shear surface. 

Several difficulties were encountered in sample preparation and testing. In cutting 
the samples to fit the shear box, much of the rock fractured making it impossible to 
prepare a large number of samples. In the testing process, samples in the shear box were 
frequently ruined by degradation around the edges during the movement of the shear box. 
This degradation resulted in the decision to restrict the travel distance of the shear box 
which avoided excessive cracking around the edges of the sample. Examination of 
load-displacement curves indicated, however, that ¢, was obtained. 

The ultimate shear strength envelopes are presented in Figs. 6.4, 6.5, 6.6, and 6.7. 

The Salmon River Tuff from intact and sheared exposures was too friable to test in 
the high capacity shear box; this tuff was tested in a conventional 6 cm. x 6 cm. 
Wykeham-Farrance shear box. The intact Salmon River Tuff was disaggregated using a 
mechanical pestle and fragments passing the #4 sieve were placed wet in layers and then 


consolidated. Only a limited range of normal pressures was possible with the 
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TWIG CREEK TUFF —SR1 


@ FORWARD 


O REVERSE 


EFFECTIVE NORMAL STRESS (MPa) 


Figure 6.4 Ultimate shear strength envelope for the Twig Creek Tuff (SR 1). 
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RED TUFF-SR2 


@ FORWARD 


O REVERSE 


(MPa ) 


Figure 6.5 Ultimate shear strength envelope for the Red Tuff (SR2). 
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Figure 6.6 Ultimate shear strength envelope for Neogene tuff (NG1), Chasm Creek. 
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Figure 6.7 Ultimate shear strength envelope for Neogene tuff (NG2), Chasm Creek. 
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Wykeham-Farrance apparatus. Material from the Jupiter Creek shear zone was prepared 
and placed in the a same way. Data from the tests were recorded through a Datalogger. 


Residual shear strength envelopes are found in Fig 6.8. 


6.6 Relationship between Microstructure and Geotechnical Properties 

The low dry densities and associated high porosities obtained in this part of the 
investigation reflect the observations detailed in the previous chapter on the nature of 
extensive pore space in microstructural Domain 3. The porosities indicate a material 
transitional between soil (e.g., loess, glacio—lacustrine silt) and the more common igneous, 
sedimentary and metamorphic rock types. In this respect the materials examined here are 
similar to Chalk. 

The problem in the interpretation of the Slake Durability results reflects the 
extensive presence of montmorillonite at grain and matrix sites. 

Volcaniclastic materials are characterised by low uniaxial compressive strength (q,, 
). This is aresponse to the presence of montmorillonite within the matrix and at grain 
replacement sites and the high porosity of intact samples. In the case of the Salmon River 
Tuff (SR4), a contributory factor in reducing q, is the presence of calcite-filled 
microcracks (Plate 5.5). The Red Tuff (SR2) exhibited a comparatively high value of q, due 
to the patchy occurrence of authigenic silica at matrix sites. The presence of swelling 
clays in these materials would result in q, being particularly sensitive to water content. 

The ultimate angles of shear resistance measured on artificially prepared shear 
surfaces were more difficult to interpret in relation to miocrostructure. The low angles 
obtained for the Twig Creek Tuff (18°) and NG1 (19°) reflected the presence of 
montmorillonite at grain and matrix replacement sites. As mentioned above, clay films 
formed on the shear surfaces during the tests. The higher values of gu. found in the Red 
Tuff (29°) and NG2 (29) were a response to the presence of silica in matrix sites in the 
former and numerous quartz grains in the latter (Plate 5.12), although clay films formed on 
the shear surfaces during the tests. 

The volcaniclastic materials examined here are thought to constitute the basal 
rupture zones of the Salmon River and Chasm Creek landslides. They are characterised by 


low dry density (13.98 - 21.92 KN/m’) , high porosity (9 — 43.3%), low compressive 
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Figure 6.8 Residual shear strength envelopes for Salmon River Tuff. A=Disaggregated 


Salmon River Tuff (SR4), B=Salmon River Tuff from the Jupiter Creek shear zone (SR6). 
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strength (<13.5 MPa) and ,dependent on the presence of authigenic or pyroclastic silica, 


they exhibit low angles of ultimate shear resistance (<20°). 
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7. ANALYSIS OF MOVEMENT MECHANISMS 


7.1 introduction 

A first-order evaluation of movement mechanisms was carried out with respect to 
the Jupiter Creek and Shell Creek landslides in Paleogene rocks and the Chasm West 
landslide in Neogene rocks. Adelphi Creek Bluffs was analysed as an example of a slope 
which, on the basis of field evidence, is in limiting equilibrium. The objective was to 
evaluate two models of movement mechanisms given the knowledge of geology, 
morphology of landslides and shear zones, and the properties of materials discussed in 
previous chapters. 

Constraints which limit the evaluation of landslide mechanisms include lack of 
knowledge on the sub-surface macrostructure of the rock masses involved in movement, 
in-situ stresses, and uncertainty concerning the groundwater conditions either at the time 
of slope aoa or in the present environment. A further constraint lies in the effect 
of secondary movements in modifying landslide morphology and the great scale and 
complexity of the movements examined. The analyses presented here are those of initial 
movement conditions. 

Two models were applied to the slopes mentioned above in order to explore 
whether the movements were due to translational sliding or spreading as defined by 
Varnes (1978). The two models are considered to be end points of a spectrum of 
possible movement mechanisms which may have occurred in these slopes. 

In the translational sliding model, the failure surface is assumed to be bi-linear and 
to consist of a steep back surface which passes through the cap and a sub—horizontal 
basal shear surface located in the weak volcaniclastic layer at the slope base. These 
surfaces are assumed to be controlled by discontinuities in the slope which include joints 
and faults in the cap and bedding plane surfaces or flexural slip planes in the weak 
subjacent volcaniclastic layer. 

According to Varnes (1978), spreading movements involve the lateral extension of 
the cap as aresult of the plastic flow or liquefaction of the weaker subjacent material. 
The failure usually starts in a local area within the weak layer , then develops into a general 


progressive failure. Spreading movements require the failure and structural degradation 
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of the intact rock substance, and take place independently of existing discontinuities in the 


spreading layer. 
7.2 Analysis of Translational Sliding Model 


7.2.1 Methods and Assumptions 

The translational sliding mode! was examined by a limit equilibrium method through 
the use of a simple wedge analysis (Viorgenstern and Sangrey 1978; Lutton and Banks, 
1970; Lamb et a/. 1981). in this approximate procedure, the potential sliding mass is 
divided into a number of wedges and the equilibrium of each wedge is considered in turn, 
satisfying the conditions of horizontal and vertical equilibrium only. It was performed by 
graphical means and the forces used in the analysis are noted in Fig. 7.1. 

The analysis is sensitive to the direction of the force transmitted across the 
boundary of the two wedges, as seen in Fig. 7.1 (cf. Seed and Sultan, 1967; Sultan and 
Seed, 1967). In this analysis, 5 is assumed equal to zero and thus conservative values of 
the factor of safety (F) are to be expected (Morgenstern and Sangrey, 1978). According 
to Lutton and Banks (1970), the assumption of § =0 in the wedge analysis produced 
values of F which are 10-20% lower than those produced by more refined slope stability 
methods. Wedge analyses by the same authors on trial slopes in limiting equilibrium at the 
Panama Canal showed the value of F to be 5-6% lower when more rigorous solutions 
indicated F=1.0. Thus, in the analyses below, the strength parameters obtained for F=1 
may be high by 5-6% which is considered adequate for a first order approximation to 
movement mechanisms. 

A further conservative assumption involves the use of a horizontal phreatic 
surface within the slopes. This assumption was made for simplicity but it may also reflect 
more accurately the geometry of the surface in a slope consisting of sub—horizontal 
layers of varying permeability. 

The first part of the analysis was conducted to establish the ultimate angle of shear 
resistance required ( Prog. ) for the slopes to be in limiting equilibrium, i.e., F=1.0, where F 
is defined as the Factor of Safety (Fig. 7.1). The analysis considered a variety of shear 


surface and water table configurations. 
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The second part consisted of a comparison between Preay: and the results of the 
shear testing discussed in the previous chapter. The analysis assumes the existence of 
pre-existing shear surfaces parallel to bedding planes in the volcaniclastic layers which 
may have resulted from tectonic or stress relief processes. Based on field observations 
in Chapter 4, this assumption is considered reasonable. 

Figure 7.2 shows the slope geometries, groundwater conditions, and failure 
surfaces which were analysed . The generalised pre-movement slope geometries in Fig. 
7.2 were based on the detailed reconstructed slope profiles in Chapters 3 and 4. 

The geometries of the failure surfaces in Fig. 7.2 were best estimates based on 
landslide morphology, estimated retrogression and field observations of discontinuities 
and block boundaries. However in some cases, e.g., Jupiter Creek 2, observations on 
block boundaries and the implied dip of the back surface are not consistent with the 
discontinuity patterns observed in the cap. The precise nature of the surfaces must 
remain unknown without detailed subsurface exploration (cf. Chapter 4). The back 
surface was assumed to be determined by pre-existing discontinuities within the cap, and 
Prosic WaS assumed to equal 35° which is considered a realistic value for basalt and breccia, 
(cf. Barton and Choubey, 1977). The basal shear surface was assumed to be located in 
the volcaniclastic layers which exist at the slope base. The volcaniclastic layer was initially 
assumed to be horizontal but, where field evidence had indicated a dip +5° to the | 
horizontal, a second analysis with a dipping basal surface was carried out. As would be 
expected, the results of the analysis were found to be sensitive to the tension crack 
assumptions used. A mid-slope location is favoured for the boundary of the two wedges 


since, as discussed in Chapter 4, the boundary is preserved in the debris in the form of the 


debris—crest ridge. 


7.2.2 Results 


The results of the wedge analyses are summarised in Table 7.1. In evaluating the 
results, the value of the residual friction angle of the Salmon River Tuff may be 
considered. The difference between the residual angle of shear resistance of 
cohesionless material ( Pies. ) and the ultimate angle of shear resistance of rock 


discontinuities ( du. ) has been discussed by Krahn and Morgenstern (1979). It is thought 
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that the values of Pres. obtained for disaggregated Salmon River Tuff overestimate the 
value of Pate. which may pertain for a pre-sheared surface in the same material. In the 
shear tests on disaggregated material no smooth shear surface was formed and the 
sample behaved like a granular mass. It is assumed in the discussion below, in the absence 
of a value of giz. for the Salmon River Tuff that its value is comparable to the Twig Creek 
Tuff. 

It may also be noted that in Figures 7.3, 7.4, 7.5, and 7.6 which summarise the 
results of the stability analysis below, the average shear and normal effective stresses 


represented are those calcuiated for the passive wedge only. 


(a) Jupiter Creek Profiles 1 (JC 1) and 2 (JC2): JC 1 was drawn through Zone 2 and JC 1 
through Zone 3 which, as noted in Chapter 4, exhibits evidence of current movement. The 
results are summarised in Fig. 7.3. Both analyses give comparable results. 

With respect to profile JCI, with <= 0, values of Preg,. varied from 9° for a dry 
slope, to 29° for a horizontal phreatic surface 335 m above the present valley floor (WL 3 
in Fig. 7.2). Eora =5", Preq. varied between 12.5° and 27.0° for the same phreatic 
conditions, approaching the estimated value of Dutt. at a water level approximately 213 m 
above the valley floor (WL 2 in Fig. 7.2). JC2 yields Preq,. = 11° for adry slope with «x =0 
and 29° for the maximum elevation of the phreatic surface considered. These values 
increase to 14.5° and 30° respectively for =5. 

Peg. IS Very sensitive to the assumption of water-filled tension cracks existing in 
the slope face. This is general for all the slopes analysed and it will suffice to illustrate this 
sensitivity with reference to profile JC1 (Fig. 7.3). In an otherwise dry slope, with a water 
filled tension crack at a location marked in Fig. 7.3, and <=0, P rea, increases from 9° to 
16°. With the phreatic surface at 91m (WL1), Prey, increases from 12° to 20°, (Fig. 3). 

As seen in Fig. 7.3, the average shear stresses at the base of the passive block 
exceeds the existing shear strength in the Salmon River Tuff either at a water level 
approximately 213 m above the valley floor, or at lower water levels with water filling a 
tension crack above the phreatic surface. The possible combinations of both tension 


crack and phreatic surface assumptions are too numerous to evaluate. 
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PROFILE 1 PROFILE 2 


NOTE: 


1. RESULTS OF WEDGE ANALYSIS ARE PRESENTED AS POINTS 
REPRESENTING THE AVERAGE EFFECTIVE NORMAL STRESS 
AND THE AVERAGE SHEAR STRESS ON THE BASE OF THE 
PASSIVE WEDGE. 


2. SRI AND SR6 REPRESENT STRENGTH ENVELOPES FOR TWIG 


CREEK TUFF AND SALMON RIVER TUFF FROM THE JUPITER 
CREEK LANDSLIDE SHEAR ZONE AS DISCUSSED IN CHAPTER 6. 


Figure 7.3 Results of wedge analysis of the Jupiter Creek landslide. 
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(b)Shell Creek Landslide: For the reconstructed slope geometry and failure surfaces (Fig. 
7.4), lower values of ¢4. are required (Table 7.1). Greg. varied between 7°, for a dry 
slope, and 26° with a water level 335 m (WL2) above the valley floor for <=0. Fora 
basal surface dipping into the slope ( ~ =—5°) these values varied from 3° to 25. 
Assumptions regarding a water filled tension crack at the slope crest (fig. 7.4) increased 
the Preg. to 18° with a phreatic surface 213 m (WL1) above the valley floor (~=0). This 
value decreases to 16° with X=-5°. The relationship between average shear stresses and 


average normal effective stresses at the base of the passive block is seen in Fig. 7.4. 


(c)Adelphi Creek Bluffs: On the basis of morphological evidence noted in Chapter 4, the 
slopes at Adelphi Creek Bluffs were assumed to be in limiting equilibrium. This is reflected 
in the results of the wedge analyses in Table 7.1 and Fig. 7.5. Limiting equilibrium is almost 
predicted with «=5°inadry slope. Where & =0, a water level only 91 m (WL1) above 
the valley floor will result in movement in the absence of any berm effects. This water 
level is to be compared with the estimate of the existing water level in the slope of 65 m. 


In both these analyses no water-filled tension cracks were assumed. 


(d)Chasm Creek West: The results of the wedge analysis are presented in Table 7.1 and 


Figure 7.6. Assuming the absence of water-filled tension cracks, limiting equilibrium is 
only approached when the water level is 185 m (WL2) above the valley floor. 


Stratigraphic evidence indicated the value of A=0. 


7.2.3 Discussion 

Using a very simple wedge analysis, first order approximations to initial movement 
conditions have been obtained in the Salmon Valley and Chasm Creek landslides. The 
results of all the Salmon Valley analyses are summarised in Fig. 7.7. The conditions were 
obtained using what are thought to be reasonable assumptions concerning the existence 
of pre-sheared material in the volcaniclastic strata at the base of the slopes (i.e., the use of 
$' ue, ), shear surface geometry, and elevations of the phreatic surface. 

Whilst the outcome appears reasonable, several constraints limit the interpretation 


of the results; 
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NOTE: 


1. RESULTS OF WEDGE ANALYSIS ARE PRESENTED AS POINTS 
REPRESENTING THE AVERAGE EFFECTIVE NORMAL STRESS 
AND THE AVERAGE SHEAR STRESS ON THE BASE OF THE 
PASSIVE WEDGE. 


mM 


SR1 AND SR6 REPRESENT STRENGTH ENVELOPES FOR TWIG 
CREEK TUFF AND SALMON RIVER TUFF FROM THE JUPITER 
CREEK LANDSLIDE SHEAR ZONE AS DISCUSSED IN CHAPTER 6. 


Figure 7.4 Results of wedge analysis of the Shell Creek landslide. 
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NOTE: 


1. RESULTS OF WEDGE ANALYSIS ARE PRESENTED AS POINTS 
REPRESENTING THE AVERAGE EFFECTIVE NORMAL STRESS 
AND THE AVERAGE SHEAR STRESS ON THE BASE OF THE 
PASSIVE WEDGE. 


2. SRI AND SR6 REPRESENT STRENGTH ENVELOPES FOR TWIG 


CREEK TUFF AND SALMON RIVER TUFF FROM THE JUPITER 
CREEK LANDSLIDE SHEAR ZONE AS DISCUSSED IN CHAPTER 6, 


Figure 7.5 Results of wedge analysis of Adelphi Creek Bluffs 
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NOTE: 


]. RESULTS OF WEDGE ANALYSIS ARE PRESENTED AS POINTS 
REPRESENTING THE AVERAGE EFFECTIVE NORMAL STRESS 
AND THE AVERAGE SHEAR STRESS ON THE BASE OF THE 
PASSIVE WEDGE. 


2. NGI AND NG2 REPRESENT STRENGTH ENVELOPES FOR 


NEOGENE VOLCANICLASTIC MATERIAL FROM CHASM CREEK 
AS DISCUSSED IN CHAPTER 6. 


Figure 7.6 Results of the wedge analysis for the Chasm Creek West landslide. 
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NOTE: 


1. RESULTS OF WEDGE ANALYSIS ARE PRESENTED AS POINTS 
REPRESENTING THE AVERAGE EFFECTIVE NORMAL STRESS 
AND THE AVERAGE SHEAR STRESS ON THE BASE OF THE 
PASSIVE WEDGE. 


2. SRI AND SR6 REPRESENT STRENGTH ENVELOPES FOR TWIG 


CREEK TUFF AND SALMON RIVER TUFF FROM THE JUPITER 
CREEK LANDSLIDE SHEAR ZONE AS DISCUSSED IN CHAPTER 6. 


Figure 7.7 Summary of all Salmon Valley Wedge Analyses. 
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Ae the analyses assumed that the weakest material had been discovered during the 
detailed field work in the landslide areas. Discovery of such material was dependent 
on surface exposures and the possibility exists that material of lower shear strength 
is present in the slopes analysed but that such material is not exposed. 

2. the value of ¢,,. obtained in the analysis is affected by the assumed geometry of 
the failure surfaces. These were constructed on the basis of field evidence, the 
form of the re-constructed profile, and kinematic considerations. Thus, they are 
approximations only. 

3. the greatest uncertainty surrounds the effect of water pressures, both within the 
basal shear zone and in tension cracks which are seen to have an important effect on 
stability. In the almost semi-arid climate of the areas studied, the slopes are 
generally dry. Water levels were probably higher at various periods in post-glacial 
times, as discussed later in this Chapter. After extensive traverses of slopes in the 
Saimon Valley, only we springs were noted In the valley side slopes in the vicinity of 
the Shell Creek and Jupiter Creek landslides (Figs. 4. 9 and 4. 16). 

4. lateral pressures exerted along the lateral margins of the landslides were ignored in 
the analyses. 

5. the analyses do not consider the possible effects of in-situ horizontal stresses, or 
seismic processes which, as reviewed in Chapter 3, are active in the region. 

It is therefore concluded that given the constraints noted above, and our 
knowledge of the geology and materials in the slopes analysed, that conditions for 


translational sliding may have existed in the Salmon Valley and Chasm Creek slopes. 
7.3 Evaluation of the Spreading Model 


7.3.1 Background 

The proposed spreading model demands that complete cap separation takes place 
during stress relief associated with valley excavation, and that the cap is therefore free to 
load the subjacent volcaniclastic layer in a manner analogous to the strip loading of a 
foundation. The presence of extensive tension cracking in the Salmon valley and Chasm 


Creek slopes may be evidence of this process. 
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The stability of the cap loading may be analysed as a bearing capacity problem in 
which the cap is a strip loading of the volcaniclastic foundation. This approach to the 
stability of slopes has been attempted by Escario (1968), R.S. Evans (1981), and Caine 
(1982). 

Spreading may take place in drained or undrained conditions. The rate of cap 
loading, during the stress relief process is not known, but it is thought to be slow enough 
to enable drainage to take place. Therefore, the process of cap loading is considered to 
be a drained process. Undrained conditions may occur if sudden structural breakdown of 
the open tuff fabric takes place. This may result from strains initiated by cap loading or as 
aresult of the decrease in structural strength due to diagenesis. Whilst microstructural 
observations noted in Chapter 5 suggest that this process is possible, definitive laboratory 
tests have not been carried out. It is thought useful, however, to explore the mechanisms 
of both drained and undrained spreading. 

Attempts at establishing undrained extrusion criteria have been made for soft clays 
by Jurgensen (1934), Brohms and Bennermark (1968), Brown and Meyerhof (1969), Broms 
and Bjerke (1972) and Mitchell and Markell (1974). The extrusion criteria proposed by 
these workers, and by other workers in rock, are summarised in Table 7.2. There appears 


to be consensus that extrusion takes place when 


SH = 3q. Tad 


where 
¥  =unit weight of soil 
H = height of slope 


q, = uniaxial compressive strength 


With regard to the bearing capacity of intact rock , Coates (1970) found that the 
failure load (q¢ ) was approximately 3q, . Ladanyi (1972) examined the failure of rock 
under concentrated loadings similar to those envisaged under cap loading. He found a 
crude lower bound solution in which dg =3q, , where q,, is the uniaxial compressive 
strength of intact rock measured at the same scale as the region beneath the loading 


surface. In this analysis, Ladanyi (1972) assumes that the largest horizontal confining 
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Table 7.2 Undrained extrusion criteria for clays and rocks. 


SOURCE MATERIAL "FAILURE LOAD (qa, ) 


BROHMS AND BENNERMARK 
(1968) 

BROWN AND MEYERHOF 
(1969) 


BROHMS AND BJERKE 
(1972) 

MITCHELL AND MARKELL 
(1974) 

COATES (1970) 
ESCARIO (1968) 
LADANYI (1972) 


“FAILURE LOAD IS GIVEN FOR CONTINUOUS STRIP FOOTINGS 
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pressure that can be mobilised to support the rock beneath the cap footing is the gq, of 
the weak layer. 

Based on the above, therefore, it appears reasonable to suggest that a lower 
bound approximation to the undrained extrusion threshold is at an overburden pressure 
equivalent to 3q, of the rock mass. It is suggested here that this defines the 
sliding—spreading boundary for intact rock or a jointed rock mass with closed joints. With 
open joints, Kulhawy and Goodman (1980) suggest that failure is likely to occur by the 
uniaxial compression of the rock. In this case qe ~ q,. These criteria are examined with 
reference to the Salmon Valiey and Chasm Creek slopes analysed in the translational sliding 


mode! above, using the same generalised slope geometries. 


7.3.2 Methods and Assumptions 

The stability of the cap loading may be investigated by analogy with a bearing 
Capacity analysis. The magnitude of the stresses required to initiate degradation of the 
intact rock substance in the spreading layer may be estimated from the theory of Mandel 
and Salencon (1972), who give a solution for the bearing pressures required to cause 
extrusion of a soft layer compressed between two rough surfaces. It has been applied to 
the stability of natural slopes by Vaughan (1976) and to the squeeze of underclays in coal | 
mines by Rockaway (1977). The method is based on limit equilibrium, and plane strain is 
considered for a material obeying Coulomb's yield criterion. The solution is sensitive to 
the thickness of the weak layer which, in all cases examined nere, was determined on 
stratigraphic evidence. 

Drained and undrained analyses were carried out. The parameters for the analysis 


were obtained from the appropiate figures in Mandel and Salencon (1972). 


7.3.3 Results and Discussion 

Results of the drained spreading analysis, using c=O and o=18°, indicated that 
bearing pressures far in excess of those existing in the slopes, were required for 
extrusion. It is, therefore, considered unlikely that drained cap loading, by itself, could 


have initiated spreading in the slopes considered. 
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The results of the undrained spreading analysis are shown in Table 7.3 and Fig. 7.8. 
Three aspects of the results are discussed below: 

1. the location of the point of initial strength loss (marked by the black dot in Fig. 7.8), 

2. __ the relationship between the laboratory—measured value of q, and the value of q,, 
required to resist extrusion (q, —REQ) as obtained in the Mandel and Salengon 
analysis, . 

3. the relationship between gq, —REQ and the maximum overburden pressure at the base 
of the cap. 

As a consequence of the slope geometries used in the analysis, the point at which 
the maximum value of q, —REQ in the basal layer is generally at a point directly beneath the 
slope crest, i.e., at a location where the cap block would be expected to separate during 
stress relief and rebound. If a steeper frontal slope is assumed, then this point migrates 
toward the slope face as seen in Fig. 7.8E. The interior position of the point of initial 
strength loss, which corresponds to the point of plastic zone initiation, is also predicted by 
the analysis of the Turnagain Heights spreading movement by Voight (1973). This point 
may mark the location of the initiation of structural breakdown which leads to the 
progressive failure of the slope. 

As seen in Table 7.3, the range of q, —REQ at this point varies between 845.5 kPa 
and 1535.5 kPa for the slope geometries considered. In column 3 the ratio of q, 
estimated from the Point Load Test (q, —LAB) to q, —REQ is defined. Values of this ratio 
are seen to range from 3.06 to 5.7. This corresponds to an undrained factor of safety 
for extrusion. 

The ratio of q,, —LAB to the overburden pressure (P) at the point of the maximum qu 

required in Fig. 7.8, is also given in Table 7.3 (column 4). This ratio corresponds to the 
undrained factor of safety against extrusion for the case of open joints in the basal 

volcaniclastic layer (Kulhawy and Goodman, 1980). Values of this ratio vary between 0.34 

and 0.62 for slopes in the Salmon Valley and between 0.99 and 1.14 for the Chasm Creek 

slopes. 

Several factors influence the interpretation of these ratios as meaningful estimates 
of cap-loading stability. First, the value of q, —LAB is uncorrected for the effect of 


water content which may reduce its value by as much as 3 times (Broch and Franklin, 1972; 
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Table 7.3 Results of the undrained spreading analysis. 


cae 


JUPITER CREEK 1] 
JUPITER CREEK 2 
SHELE® CREEK 


SHELL CREEK 
ADELPHI CREEK 
ADELPHI CREEK 
CHASM WEST 1 
CHASM WEST 2 
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MATERIAL ASSUMED TO SPREAD;TWG=TWIG CREEK TUFF, SRT= 
SALMON RIVER TUFF, CC=CHASM C TUFF. 

Gu AS MEASURED IN POINT LOAD TEST (MPa) 

MAXIMUM q, REQUIRED TO RESIST SPREADING OBTAINED IN 
THE MANDEL-SALENGON ANALYSIS (MPa) 

Gu AVAILABLE AS MEASURED/q, REQUIRED 

OVERBURDEN PRESSURE (P) AT POINT OF MAXIMUM q, REQUI- 
RED (MPa) 

COLUMN 4/ COLUMN 2 

COLUMN 1/ COLUMN 4 
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Broch, 1979). As mentioned in Chapter 6, tests were conducted in the air dry state and 
sample availability did not allow the effects of water content to be examined. Secondly, 
the problem of applying a laboratory measured q, (g,, -LAB) to a rock mass (q,. —RM) has 
not been solved (Kulhawy and Goodman, 1980). Estimates, in the literature, of the scale 
effect reduction ing, -—LAB differ by orders of magnitude . For example, Hoek and Bray 
(1977) suggest that the value gq, —RM is approximately 0.25q, —LAB of unweathered rock, 
whilst Hoek and Brown (1980) estimate it to be 0.00.1q, —LAB. 

In the Mandel and Salencon (1972) analysis (Table 7.2), conditions for undrained 
spreading in the basal layer require the value of g, —RM to vary between 0.18 and 0.33q,, 
-LAB. An average of q, —RM = 0.22q, LAB is obtained which compares favourably to the 
estimates of Hoek and Bray (1977) noted above. 

The relationship between overburden pressure (P) and the value of q, —REQ is also 
explored in Table 7.3 (column 5), with respect to the extrusion criteria noted in Section 
ed. The ratio between P, and gq, —REQ obtained in the Mandel and Salencon analysis, 
varies between 8.00 and 10.02 for the Salmon Valley slopes (mean = 9.16) and between 
4.0 and 5.00 for Chasm Creek. These values are therefore in excess of the criterion for 
undrained extrusion of qe = 3qu -RM. It is of interest to note that these results are 
comparable to those of Ladanyi (1972), who found from experiment on intact rock, that 
the values of a similar ratio varied between 7 and 15. The relationship between P and q, 
—-REQ is further explored in Fig. 7.9. Only rectilinear slopes were included in the analysis 


and a linear regression equation was fitted to the data where 
P= -2.840 + 12.46 q.-REQ Th 


in which r = 0.94154 and is significant at the 1% level. The line for the extrusion criterion 
gf = 3 qu -RM is also included in Fig. 7.9. For the range of slope geometries considered, 
therefore, it is concluded that Equation 7.2 may be more applicable as an undrained 
spreading threshold criterion than Equation 7.1. 

If the Mandel and Salencon analysis approximates conditions for undrained 
spreading in the Salmon Valley, spreading has occurred where P = 2.04 q, —LAB which is 


not corrected for moisture effects. 
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COLLAPSE LOAD = -2.840 + 12.46 a,-(ROCK MASS) 


SPREAD 


o, (MPa) AT SLOPE CREST FOR RECTILINEAR SLOPES 


02 04 06 08 10 12 14 «16 


qy-(ROCK MASS) REQUIRED TO RESIST SPREADING (MPa) 


Figure 7.9 Relationship between overburden pressure at the slope crest (P) and q, —REQ. 
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If is assumed thatq, —RMrepresents a form of structural breakdown threshold, 
and that the value of q,-ku = 0.22q, —LAB, the results presented above indicate that 
undrained spreading is a possible mechanism for the slope movements studied. It is also 
of interest to note that the total overburden pressure at the slope crest approaches the 


value of q, —RM 


7.4 Evaluation of Movement Mechanism 

The first-approximation to movement mechanism presented above suggests, on 
the basis of the results of very simple analyses, which utilize what are thought to be 
reasonable assumptions, that two modes of movement v/z. translational sliding and 
undrained spreading are possible mechanisms for slope movements in the Salmon Valley 
and Chasm Creek. A schematic representation of these possible modes of movement in 
these slopes is seen in Fig. 7.10. 

Although both the nature and number of assumptions that have to be made in this 
first approximation yield the problem indeterminate, the evidence points to a combination 
of complex movement mechanisms which results in a general progressive failure of the 
slopes in question. It is likely that this failure is initiated by a local structural collapse in the 
volcaniclastic layer, as predicted in the Mandel and Salencon analysis, but that extrusion of 
the volcaniclastic layer does not take place. 

The discussion above illustrates the difficulty with which translational sliding 
movement may be distinguished from spreading movements (cf. Voight, 1973). It is 
concluded that the distinction cannot be made on the basis of landslide morphology alone. 
Observations on the morphology of rupture zones in Chapter 4, as well as on the 
microstructure of materials from those zones in Chapter 5, indicated that degradation of 
the intact rock structure has taken place within the basal weak layer. Although this might 
indicate a spreading movement rather than translation along a discrete surface, the 
distinction between the two types of movement rests on the interpretation of Varnes’ 
definition of a slide, i.e., a movement in which shear strain occurs along one or several 
surfaces within a relatively "narrow zone”. It may be in the cases examined that the 
thickness of the "narrow zone’ is in excess of the 12-15 m exposed and that degradation 


of intact rock has taken place within it. If this is the case, the movement mechanism may 
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be interpreted as translational sliding. 


7.5 The Timing of Slope Movements and Present Hazard Criteria 


7.5.1 The Occurrence of First Time Slides 

The landslides analysed in this chapter, as well as all the others examined in this 
work, give the impression of having occurred a substantial time ago. This impression is 
based on the existence of a developed organic soil profile on most landslides, the 
existence of well vegetated debris and scarps in a dry semi-arid climate, and the absence 
of historical reports of their occurrence. In some cases drainage has been established 
through the landslide debris and fluvial terraces have developed in the foot of the debris. 
The geomorphic anomalies normally associated with recent landslides are absent. 

Criteria for establishing the absolute age of the landslides is lacking. Suitable 
exposures of Holocene volcanic ash are limited to those exposures discussed in Chapter 
4, and the occurrence of organic material within either landslide debris or associated 
surficial deposits has not been located in extensive field work. 

Fulton (1975) has suggested that most of the landslides occurred in the first few 
thousand years following deglaciation "as glacially oversteepened and meltwater undercut 
slopes failed’ (p. 30). This is also thought to be the case in other massive deep-seated 
landslides on the margins of the Thompson study area (e.g., Downie slide, Piteau et a/. 
4978). Ryder (197.1) concluded that most of the material in large alluvial fans in the 
Kamloops—Thompson area was deposited before 6600 yrs. BP. and that deposition 
ceased approximately 500-1000 yrs. BP. Similar observations were made on the rates 
of talus accumulation in the Similkameen valley to the south of the Thompson study area 
(Worobey, 1972). 

The post-glacial climate of the Thompson study area has been reconstructed by 
Alley (1976) on the basis of the palynology of a dated core of Holocene peat at Kelowna 
Bog in the Okanagan Valley. This is summarised in Fig. 7.11 along with an interpretation of 
active geomorphic processes based on Fulton (1975), Ryder (197.1) and Clague (1981). In 
support of Fulton's (1975) suggestion on the timing of landslides, the period immediately 


following deglaciation, i.e. 9500-8200 yrs. B.P., was a cool-moist period during which 
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Figure 7.11 Chronology of Post-Glacial processes and climate in the Thompson study 


area, based on Alley (1976), Fulton (1975), Ryder (197 1) and Clague (198 1). 
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the draining of the pro-glacial lakes in the area took place (Fulton, 1969) and which was 
followed by active downcutting during the establishement of the present drainage. During 
this time, slope geometry changes due to the passage of meltwater from the drainage of 
the glacial lakes and stream downcutting, would have led to stress—relief and possible cap 
loading. These factors would favour the initiation of slope movement which may have 
been episodic in post-glacial time. 

The possibility of first-time landslides occurring in the present environment is one 
that may be considered. On the basis of field observations and as a result of the analysis 
presented in this chapter, Adelphi Creek Bluffs is perhaps the slope that is most likely to 
experience a large first-time landslide. In addition the potential slide masses at Enderby 
Cliffs, and near the mouth of Gorge Creek, discussed in Chapter 3, are thought to have 


high potential for first-time slope movement. 


7.5.2 Reactivation and Secondary hai otitenie 

Little evidence of present day—-recent slope movement was observed in the 
landslides examined in this investigation. Disturbance in the vegetation cover on landslide 
debris was noted at the Bouleau Lake landslide complex and in several of the Lower 
Deadman River landslides. At Enderby a secondary flow lobe is presently moving and a 
family was forced to vacate a house in its path (Plate 3.4). These movements are flows 
developed in the debris of disintegrated or degraded block movements and constitute the 
most active slope movements associated with the landslides in the present-day 
environment. 

Secondary scarp failures were noted in the Lower Deadman Valley (Plates 3.8 and 
3.15) and a large block is moving down from the scarp at Chasm East landslide (Plate 3.18). 
At the Jupiter Creek landslide, movement in zone 3 was inferred from the bent trees and 
depression in the ground surface (Plate 4.13). This is thought to be continued primary 
movement or secondary block movement. The potential exists in Zone 3 for continued 
and perhaps large scale movement. 

The degradation of landslide masses by weathering and interaction with seepage 
results in the reduction of the shear strength of areas of landslide debris. Secondary flow 


movements are thus likely to continue to occur. 
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7.5.3 Hazard Criteria 

An attempt was made to develop hazard criteria that may be used to detect 
unstable slope geometries. Thus detected the slopes may then be investigated on the 
ground to establish whether or not a weak basal layer exists and to see if any evidence of 
slope movement exists. 

The geometries of landslides investigated in this work were plotted in Fig. 7.12. In 
addition the geometries of the reconstructed profiles of the slopes analysed in this 
chapter are also plotted in Fig. 7.12. Several points arise from an examination of this 
diagram. First, the reconstructed profiles, in addition to the slopes at Adelphi Creek Bluffs 
and the incipient landslide mass at Enderby Cliffs, plot to the left of the landslide 
geometries in what may be called an area of incipient landslide geometry. Block 
movements plot in an area to the right of the line delineating the incipient landslide 
geometry and to the right of this is an area of disintegrated and degraded block movement. 
From Fig. 7.12 it is seen that slopes over 122 m in height which have a mean slope equal to 


or greater than 26.5° should be investigated for potential slope movements. 
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Figure 7.12 Landslide geometries for slope movements in the Thompson and Chilcotin 


study areas. 
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KEY TO LANDSLIDE DATA POINTS (@): 1-PINAUS LAKE 4; 2-DUCKS MEADOW; 
3-REDSTONE SPREAD; 4-59 CREEK; 5-CHASM WEST; 6-STEPHEN'S LAKE ROAD; 
7-CHASM EAST; 8-DEADMAN 2; 9=PINAUS LAKE 3; 10-JUPITER CREEK; 11l- 
SQUARE LAKE; 12—DEADMAN 4; 13-SHELL CREEK; 14-ADELPHI CREEK; 15- 
REDSTONE; 16—ANAHIM'S FLAT; 17-DEADMAN 1; 18-DEADMAN 3; 19-BUSE HILL; 
20—-PINAUS LAKE 1; 21-BOULEAU LAKE A ; 22-BOULEAU LAKE; 23- ESTEKWALAN 
MOUNTAIN; 24—BOULEAU LAKE 4; 25-MT. IDA; 26-BUSE HILL; 27-ENDERBY; 
28—-LAVEAU CREEK; 29—DEADMAN 5; 30-PEMBERTON HILL; 31-PEMBERTON HILL. 


KEY TO POINTS WITHIN INCIPIENT LANDSLIDE GEOMETRY FIELD (™); A=RECONSTR- 
UCTED PRE-MOVEMENT PROFILE JUPITER CREEK PROFILE 1; B=RECONSTRUCTED PRE- 
MOVEMENT PROFILE JUPITER CREEK PROFILE 2; C=RECONSTRUCTED PRE-MOVEMENT 
PROFILE SHELL CREEK; D=ADELPHI CREEK BLUFFS; E=RECONSTRUCTED PRE- 
MOVEMENT PROFILE CHASM WEST; F=POSSIBLE INCIPIENT LANDSLIDE AT ENDERBY 
CLIFFS. 


*NOTE-IN LANDSLIDE DATA POINTS MORE THAN ONE PROFILE IS INCLUDED FOR 
SOME LANDSLIDE COMPLEXES. 
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8. LANDSLIDES IN VOLCANIC SUCCESSIONS:SUMMARY AND CONCLUSIONS. 


8.1 Results of Review 


At the outset of this work it was established that slopes developed in layered 


volcanic successions are particularly susceptible to slope movements. Reports and 


descriptions of landslides ,in volcanic successions that are mainly Tertiary in age, were 


reviewed from numerous parts of the world. It was concluded that 


a. 


landsliding is commonly related to the presence of a weak layer beneath a rigid 
capping of more resistant lava flows and breccias. The weak layer may consist 
of weathered Pre-Tertiary material at the basal Tertiary unconformity (e.g., 
Pre-Cambrian Belt Supergroup in the Spokane area}, Mesozoic mudrocks (e.g., 
Jurassic mudrocks of the Antrim Plateau), or basal volcaniclastic rocks which 
are frequently deposited before the placement of lava (e.g., John Day 
Formation, Washington and Oregon) 

The effect of geological structure on landsliding is evident in controls on both 
lateral and headscarp geometries. The volcanic successsions reviewed are 
characterised by steep to vertical dip—slip and strike-slip faults which provide 
low strength lateral release surfaces and steep headscarps. Their presence 
also controls local jointing patterns in the cap and results in block-type slope 
movements. 

movement is frequently in a direction at some angle to the direction of true dip. 
This suggests that movement takes place along bedding planes (or unit 
boundaries) at some angle to the true dip, along other low angle discontinuities 
which are not detected, or by the rupture of intact material within the weak 
layer. Movement direction is therefore seen to be governed by the orientation 
of release surfaces in the cap rather than the orientation of the weak layer or 
discontinuities within it. 

initial slope movements are generally of the block type. Successive 
movements are common. Debris is usually composed of interlocking blocks 
separated by steep sided depressions. Beneath the steep headscarp a graben 


commonly occurs. In some slope movements the cap disintegrates during 
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initial movement and the blocks are not preserved. Modification of the debris 
by secondary flow is frequently observed. The morphology of the landslides 
is suggestive of two types of slope movement viz. sliding or spreading. 

e. an examination of the phases in landslide development suggest that both sliding 
and spreading processes are possible. Erosion and stress-—relief processes 
produce structurally defined blocks in the cap which may be free to slide along 
shear surfaces or load the subjacent weak layer and cause it to extrude by 
plastic flow or liquefaction. 

if reports of current slope movements in voicanic successions are generally 
limited to limited displacements in pre-existing landslides. Few first-time 
landslides are reported (e.g., Gradot Ridge, Yugoslavia; Kyushu, Japan). Given 
the prevalence of pre-existing landslide sites it is suggested that the geological 
conditions (e.g., erosion, groundwater) for the inititiation of first-time slope 
movements appear to have existed at some time in the geological past rather 


than in the present geological environment. 


8.2 Framework and Objectives of the Present study 

To investigate the nature of geological controls on landslides in volcanic 
successions and the kinematics of the slope movements, a regional landslide study was 
carried out on slopes developed in Paleogene and Neogene volcanic successions in two 
areas of the Interior Plateau, British Columbia. 

The Paleogene succession is structurally disturbed exhibiting a wide variety of 
lavas and breccias and volcaniclastic rocks which outcrop in the northern Thompson 
Plateau. The younger Neogene succession, outcropping in the southern Fraser Plateau is 
structurally undisturbed and consists of basaltic lava flows overlying a basal volcaniclastic 
assemblage. 

The study had the following objectives; 

(a) To establish the regional distribution of landslides, the variation in landslide types and 
the geomorphic and geological environment of landslides in Paleogene and Neogene 
volcanic successions in selected areas of the southern Interior Plateau of British Columbia. 


(b) To isolate the geological factors (including geomorphology, geological history, 
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stratigraphy, lithology and structure) contributing to slope movements within a smaller 
study area with particular emphasis on the characteristics of weak voicaniclastic strata, 
and to describe landslide morphology, kinematics and movement history. 

(c) To investigate the microstructure and geotechnical properties of weak voicaniclastic 
rocks which are associated with landsliding. 

(d) To evaluate sliding and spreading models of slope movement with respect to 
selected landslides. 

(e) To develop a geotechnical basis for the assessment of existing natural slope stability 


for use in natural hazard evaiuations. 


8.3 Landslide Distribution and Landslide Types in the Study Areas 

A systematic air photo inventory of both the Thompson (16565 km?) and the 
Chilcotin (6500km?) study areas yielded approximately 32 and 67 landslide sites 
respectively. The majority of landslides in the study areas are block—type landslides and 
have volumes in excess of 10’ m’. 

Landslide morphology was used as a basis for landslide classification and four 
types were distinguished: simple block movements, multiple juxtaposed block movements, 
complex block movements, and successive block movements. 

In the Salmon valley, four landslides were analysed in detail. The landslides are 
characterised by : 

a. high, near vertical head and lateral scarps; 

b. the presence of a graben in the debris at the foot of the scarp consisting of 
interlocking ridges and blocks separated by steep—sided depressions up to 60 
m deep. 

c: a debris crest ridge which marked the downslope boundary of the graben; 

d. a frontal zone of distended blocks downslope of the debris crest ridge which 
is either terminated by a steep debris slope, as in the case of the Shell Creek 
and Jupiter Creek landslides, or a gentler slope which blends into surficial 
deposits at the foot of the debris as at the Adelphi Creek and Stephen's Lake 
Road landslides. 


The debris shows little evidence of rotation and the movement is dominantly horizontal. 
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The morphology of the landslides is suggestive of translational sliding or lateral spreading. 


8.4 Factors Affecting the Spatial Variability of Regional Landslide Response 


{a) Stratigraphy; An examination of the geological environment of slope movement sites 
indicates that landslides have taken place where weak volcaniclastic layers, consisting of 
tuffs, tuff-breccias, and tuffaceous sediments, were exposed at the base of 
pre-movement slopes, beneath a capping of lavas, breccias, or dry unaltered 
volcaniclastic rocks. The properties of the cap determine initial fragmentation 
characteristics which result in the preservation of blocks in the debris or their 
disintegration. Properties important in this respect are discontinuity density, which 


controls cap coherence, and intact rock strength. 


(ob) Structure; Since the Neogene succession is not structurally disturbed the effect of 
macrostructure is limited to slope movement sites in Paleogene rocks. Structural control 
is related to elements of the regional structural fabric which consist of steep, linear 
dip-slip and strike-slip faults of the Interior Shear Zone. The relationship between the 
plan geometry of landslides i.¢., the orientation of lateral reiease surfaces and headscarps, 
and regional structural elements was established both on the regional scale and in detail in 
the Salmon Valley. Faulting is also important in ensuring the lateral contiguity of the basal 
weak layer at the base of some pre-~movement slopes which accounts for the large 
volume of some landslides in Palaoegene rocks. 

In numerous examples, the direction of slope movement is at some angle to the 
true dip direction. In some cases this was inferred to be down a surface dipping toward 
the valley at some angle less than the true dip or on a horizontal surface parallel to the 
strike. In other cases, movement direction is against the dip implying that the movement 
has involved the rupture of intact material in the basal weak layer. The dominant control on 
initial movement direction was found to be the orientation of release surfaces in the cap 


and not the disposition of the weak layer or discontinuities within it. 
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In the absence of macro-structural control, landslides in Neogene rocks exhibit 
curved headscarps, diffuse lateral boundaries and are generally contiguous block 


movements due to the fact that the basal weak layer is not truncated by faulting. 


(c) Geomorphology: Landslides in the Thompson study area appear to be localised along the 
margins of steep-sided meltwater channels formed, or modified, during de-glaciation by 
the drainage of pro-glacial lakes, and along oversteepened creek valley slopes. Locally, 
however, slope development has a complex history. Where the relationship between 
surficial materials and landslide debris is exposed, it is evident that slope movements were 
not an immediate response to oversteepening by meltwater or stream activity. This 
observation implies that the majority of slope movements are delayed failures in relation 
to the slope geometry change by erosion This raises the problem of the timing of 
first-time landslides. 

In the Chilcotin study area, landslide debris is found covering benches of 
glacio—lacustrine silts above the flood plain of the present Chilcotin River. This infers that 


basal erosion was not an immediate cause of slope movement. 


8.5 Microstructure of Volcaniclastic Materials 

Because of the association between landsliding in the cap and the occurrence of 
subjacent volcaniclastic material, an investigation into the microstructure of these materials 
was Carried out. Intact, sheared and remoulded samples were examined. 

Volcaniclastic rocks are fragmental systems consisting of grains that occur within 
a matrix in a hierarchy of microstructural domains which are dominantly matrix—supported. 
Due to the presence of chemically unstable pyroclastic material, diagenetic changes take 
place at grain and matrix sites in each domain. Montmorillonite was found to be the 
dominant product of this alteration and originates in the diagenesis of volcanic glass 
particles and feldspar crystals. Since these substances make up both grain and matrix 
elements, the result of the alteration is to degrade the strength of the intact rock material. 

The microfabric of volcaniclastic material is also characterised by an open, porous 
structure at the inter—,intra—, and trans—assemblage scales. Due to the vesiculated nature 


of some pyroclastic particles, intra—particle porosity is also marked. The open structure 
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results from a combination of low initial densities, due to airfall deposition, and 
post-alteration solution which has modified the distribution and volume of pore space by 


an unknown amount. 


8.6 Geotechnical Properties of Volcaniclastic Materials 
A range of geotechnical properties was estabiished for selected volcaniclastic 
materials. They are characterised by: 

1. low dry densities (13.98 — 21.92 KN/m*) and high porosities (9 — 43.3%) which are 
intermediate between soil (e.g., glacio—lacustrine silt, loess) and the more common 
types of rock. These data reflect the porous structure noted above. 

a low uniaxial compressive strengths (q, < 13.5 MPa). The values of q, were 
shown to be dependent on porosity and aiso reflect the extent of replacement by 
montmorillonite within the intact microstructure. 

a low angles of ultimate frictional resistance (<20°), although these values may be 
higher in the presence of significant authigenic or pyroclastic silica) Values of Put. 
may be expected to decrease during the alteration process with the development of 


diagenetic montmorillonite. 


8.7 Evaluation of Sliding and Spreading Models 

Two models of movement mechanisms were evaluated with reference to three 
slopes in the Salmon Valley and the Chasm Creek West landslide. In the translational sliding 
model, the failure surface was assumed to be bi-linear and to consist of a steep back 
surface controlled by discontinuities in the cap and a sub—horizontal basal shear surface 
located in the subjacent volcaniclastic layer. A simple wedge analysis was performed on a 
variety of failure geometries under a range of groundwater conditions. 

In the spreading model, extrusion of the subjacent volcaniclastic material takes 
place, by plastic flow or liquefaction, under cap loading. The cap is free to load the 
subjacent strata due to cap separation during the stress—relief process. Failure of intact 
rock is required for spreading and the movement takes place independent of existing 
discontinuities in the spreading layer. The stability of the cap loading was analysed as a 


bearing capacity problem and was estimated from the theory of Mandel and Salencon 
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(1972), which approximates the bearing pressures required to cause the extrusion of a 
Weak subjacent layer. Drained and undrained analyses were carried out. Drained 
spreading requires overburden stresses far in excess of those existing in the slopes in 
question. Undrained spreading may be possible if structural collapse of the tuff takes 
place under cap loading. Although microstructural observations in Chapter 5 suggests this 
is possible, detailed laboratory tests are not available to confirm this. 

The analysis yielded first approximations to slope movement conditions in the 
slopes selected for both modes of movement. It was found , using reasonable 
assumptions concerning failure geometry, strength of the rock mass, and groundwater 
conditions, that conditions for both types of movement may have existed in the Salmon 
Valley and Chasm Creek slopes prior to movement. The movements have probably 
resulted from progressive failure initiated by local structural degradation in the weak layer. 
The analysis illustrates the difficulty with which spreading movements may be distinguished 


from translational sliding movements. 


8.8 Timing, Present Movements, Hazard Criteria. 

No direct ages were obtainable for the occurrence of landslides examined in this 
work. The results of the evaluation of movement mechanism noted above infer that the | 
initiation of slope movements occurred toward the end of the stress-—relief phase initiated 
upon valley modification by erosional events in late—glacial or early post-glacial time. This 
may in part account for the delay in slope movement, vis-a-vis slope geometry change, 
noted at the end of Chapter 7. A second time-dependent factor may also have been the 
changes in the microstructure of the volcaniclastic materials (diagenesis and 
post-diagenesis solution) brought about by the re-establishment of groundwater flow 
systems in newly over—deepened valleys following de-glaciation. It is thought, in the 
absence of absolute dates, that the most likely timing for the initiation of first-time slope 
movements in the study area is in the early post-glacial period prior to the onset of the 
Altithermal at approximately 8200 years B.P. The possibility exists that seismic processes 
may have induced first-time slope movements at any time in post-glacial time. 

Present movements are generally secondary flows within the debris which occur 


as blocks degrade. However, the stability of deeply undercut landslide debris should be 
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examined further at anumber of sites. Tilted trees at Jupiter Creek and Chasm Creek 
indicate that small scale block movements within existing landslides are currently taking 
place. 

An attempt was made to develop hazard criteria that may be used to detect 
potentially unstable slope geometries. Reconstructed pre-movement slope geometries 
and possible incipient landslide masses at Adelphi Creek Bluffs, Gorge Creek, and Enderby 
Cliffs fall within an incipient landslide geometry field which is defined by slopes over 122 


m in height and which have mean slopes equal to or greater than 26.5°. 
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